








} Journal of 
}~ Research 


; opted 
, of the 


National Bureau of Standards 











U. S. DEPARTMENT OF COMMERCE 
Sinclair Weeks, Secretary 


NATIONAL BUREAU OF STANDARDS 
A. V. Astin, Director 


JOURNAL OF RESEARCH 


of the 
NATIONAL BUREAU OF STANDARDS 


APRIL + 19% 
VOLUME. 5 
NUMBER ., 








PERIODICALS OF THE NATIONAL BUREAU OF STANDARDS 
(Published monthly) 


The National Bureau of Standards is engaged in fundamental and applied research in physics, chemistry 
mathematics, and engineering. Projects are conducted in fifteen fields: electricity and electronics, Optics 
and metrology, heat and power, atomic and radiation physics, chemistry, mechanics, organic and fibrow 
materials, metallurgy, mineral products, building technology, applied mathematics, data processing systems, 
cryogenic engineering, radio propagation, and radio standards. The Bureau has custody of the national 
standards of measurement and conducts research leading to the improvement of scientific and 
standards and of techniques and methods of measurement. Testing methods and instruments are developed; 
physical constants and properties of materials are determined; and technical processes are investigated. 


JOURNAL OF RESEARCH 


The Journal presents research papers by authorities in the specialized fields of physics, mathematics, 
chemistry, and engineering. Complete details of the work are presented, including laboratory data, experi- 
mental procedures, and theoretical and mathematical analyses. Annual subscription: domestic, $4.00; 
$1.25 additional for foreign mailing. 


TECHNICAL NEWS BULLETIN 


Summaries of current research at the National Bureau of Standards are published each month in the 
Technical News Bulletin. The articles are brief, with emphasis on the results of research, chosen on the 
basis of their scientific or technologic importance. Lists of all Bureau publications during the preceding 
month are given, including Research Papers, Handbooks, Applied Mathematics Series, Building Materials 
and Structures Reports, Miscellaneous Publications, and Circulars. Each issue contains 12 or more two- 
column pages; illustrated. Annual subscription: domestic, $1.00; 35 cents additional for foreign mailing. 


BASIC RADIO PROPAGATION PREDICTIONS 


The Predictions provide the information necessary for calculating the best frequencies for communication 
between any two points in the world at any time during the given month. The data are important to al 
users of long-range radio communications and navigation, including broadcasting, airline, steamship, and 
wireless services, as well as to investigators of radio propagation and ionosphere. Each issue, covering # 
period of one month, is released three months in advance and contains 16 large pages, including pertinent 
charts, drawings, and tables. Annual subscription: domestic, $1.00; 25 cents additional for foreign mailing. 





Order all publications from the Superintendent of Documents 
U. S. Government Printing Office, Washington 25, D. C. 


The printing of this publication has been approved by the Director of the Bureau of the Budget, May 12, 1953. 





Ne 


journal of earch of the Nati 


Research Paper :‘ 


New Descriptions and Analyses of the Third and Fourth 
Spectra of Zirconium, Zr IIand ZrIv 
C. C. Kiess 


Recent observations of the spectra emitted by 


ionized zirconium atoms have added 


many new lines to the descriptions of these spectra and have led to revisions and extensions 


of their term structures. 
td?, 4d Ss, and 5s? 


5d, 4d 6s, 4d 4f, 5s Sd, 4d Gp, 5s 6s, 5s 4f, and 5s 5g configurations 
triplet terms from these configurations have now been established 


The low, even terms of Zr 11 arise in the electron configurations 
Excitation of these states leads to higher terms of the 4d Sp, 5s Sp, 4d 


Most of the singlet and 
Zeeman patterns from 


Massachusetts Institute of Technology plates have confirmed and corrected some of the 


classifications of earlier work. 


From the series-forming terms of Zr m1 the separation of the 


ground states of Zr ut and Zr tv is calculated as 198590 cm~', corresponding to an ionization 


potential of 24.6 electron volts for the ion Zr?* 


In the doublet spectrum of Zr tv, which 


arises from the migration of the single electron outside the krypton shell, the terms from the 


78, Op, 6d, Sf, 6f, 
value of 276970 em 


1 


derived from three accordant values calculated from series of 2S, ?F 


5g, and 6g electrons have been added to those already known 


A mean 


' for the separation of the ground states of Zr rv and Zr v has been 


This 


and 2G terms 


corresponds to an ionization potential of 34.33 electron volts for Zr 


1. Introduction 


The new descriptions of the third and fourth 
spectra of zirconium, presented in this paper, have 
led to a reexamination of the analyses of their term 
structures published 25 vears ago by Kiess and Lang 
).' Recent observations have more than doubled 
the number of lines known for these spectra at that 
time, and studies of the Zeeman effect have given 
unmistakable information about the classification of 


sme of the lines. Preliminary reports [2] on the 


application of the new results to optical and astro- 
physical problems have already been made, and a 
paper has been published [3] with the new additions 
toand interpretations of the second spectrum, Zr u. 


2. Experimental Procedure 


Spectra of neutral and ionized zirconium atoms 
were obtained with a concave-grating spectrograph 
at the National Bureau of Standards, down to 
19220 A in the ultraviolet. The grating, of 21-ft 
radius of curvature, was ruled by R. W. Wood [4 
with 30,000 lines per inch. It is set up in a Wads- 
worth mounting and gives uniformly bright spectra 
throughout the accessible first and second orders, 
with a dispersion of 2 A nim in the first order. The 
spectra were emitted by ares and condensed-spark 
discharges in air between electrodes of the same 
airconium metal that was used in the earlier work. 
Although of high purity this metal was found to 
contain very small amounts of silicon, titanium, 
iron, and hafnium. The ares were operated at 
about 5 amp from 220-volt d-e mains. The sparks 
were excited by a battery of condensers, of 0.006-uf 
capacitance, charged from the high-voltage side of a 
transformer that stepped-up 110 volts a-c to 30,000 
volts. The plates used to record the spectra were 


Figures in brackets indicate the literature references at the end of th S paper 
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coated with EK 33 and SWR emulsions. § Each 
exposure to a zirconium spectrum was juxtaposed 
to an exposure of the iron are or to the spark between 
copper-silver electrodes to the necessary 
standards for the wavelength calculations. 

For the extreme ultraviolet region of the spectra 
two sets of spectrograms were available for measure- 
ment, one obtained with the Carnegie vacuum 
spectrograph by J. C. Bovee while he was at the 
Massachusetts Institute of Technology, the other by 
A. G. Shenstone with the Princeton vacuum spectro- 
graph. Both of these instruments have the same 
optical dimensions and produce spectra with dis- 
persions of 4.25 A/mm in the first order from concave 
gratings ruled with 30,000 lines per inch. The 
results from these new measurements have confirmed 
and supplemented the descriptions of the ultra- 
violet spectra of Zr supplied by R. J. Lang for 
the Bureau’s work of 25 vears ago. 

The MIT spectrograms were obtained from ex- 
posures to an are operated at 8 amp between Zr-Ag 
electrodes in an atmosphere of commercial N., and 
cover the region from 2500 A down to 1100 A. The 
recorded spectra are mixtures of lines of zirconium, 
silver, nitrogen, carbon, and hafnium. The Prince- 
ton plates cover the region from 2200 A down to 513 
A with exposures to a condensed-spark discharge 
between Zr electrodes in vacuum. On_ both 
of spectrograms appear lines of Zr 1, Zr u, Zr 11, and 
Zriv. On the MIT plates the lines all exhibit 
uniform distributions of illumination along the slit 
of the spectrograph and differ only in their intensities 
and qualities of sharpness and diffuseness. On the 
Princeton plates, however, the lines exhibit distine- 
tive differences of illumination along the slit of the 
spectrograph that permit them to be grouped ac- 
cording to the degree of ionization of their emitters: 
those of uniform intensity along the slit belong 
mostly to Zr 1; lines of Zr ut generally show illumina- 
tion along the full length of the slit but are stronger 


secure 


sets 
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near the electrodes than in the zone midw a\ between 
them; lines strong at the electrodes and directed like 
spear-points toward the center of the slit are charac- 
teristic of Zr ur; while lines strong at the electrodes 
but tapering outward along the slit belong to Zr iv, 
and perhaps to Zrv. There are about 50 lines of 
this latter kind in the region between 900 and 600 A 
for which there is no place in Zr iv. It is very likely 
that thev represent the excitation of the Kr-shell of 
the zirconium atom. 

Preliminary values of the wavelengths derived 
from measurement of the MIT and _ Princeton 
plates were based on standards selected from lines 
of N, O, C, and H that appear as impurities in the 
spectra. These wavelengths were of sufficient ac- 
curacy to allow assignment of many of the lines to 
their multiplet structures. With more accurate 
values for energy levels calculated from lines longer 
than 2000 A, which were measured against better 
standards than those in the vacuum region, cor- 
rections were derived for the preliminary wave- 
lengths longer than 1200 A. Nearly all the strong 
lines with wavelengths shorter than 1200 A appeared 
in the second and third orders, overlapping the first 
order from 2400 to 1000 A. Their apparent wave- 
lengths, after being corrected as just described, were 
then divided by the appropriate factor to give the 
adopted values in the first-order spectrum. 

There were also available for measurement plates 
of the Zeeman effect obtained under the direction 
of G. R. Harrison at MIT. Although most of the 
magnetic patterns appearing on these plates are of 
Zri1and Zr wu lines, vet a few of them belong to 
lines of Zriu. These serve to verify and correct 
some of the earlier classifications. The results of 
the measurements are given below. 


3. Results 


3.1. Spectrum of Trebly Ionized Zirconium, Zr IV 


In its unexcited state the neutral zirconium atom 
has four valence electrons in the configuration 4d? 5s? 
outside the krypton shell. The of three of 
these electrons through successive ionizations leaves 
a single 4d-electron to determine the term-structure 
of Zr iv. The early work on the analysis of Zr 1 
is summarized in the paper by Kiess and Lang cited 
above. The terms listed therein account for 12 
lines of the spectrum if the term designated there 
as 7s, and now known to be incorrect, is excluded. 
In the present analysis the 39 lines given in table 1 
are classified as combinations among the 21 terms 
recorded in table 2, and include all lines classified 
in the earlier investigations. 

The terms of Zr tv, in table 2, the 
order of increasing energy indicated by the relative 
term-values in the second column and shown graph- 
ically in figure 1. In the fourth and fifth columns 
are given the absolute values of the terms, and the 
Rydberg denominators that were used in the simple 
Ritz formula 162/[m+ a+(B/m?)}* evaluate 
the running terms and the limits of the several 
Inspection of the table shows that three 
have been found for the *S,?D, and ?F 


lc SS 


are listed in 


to 


series. 
members 
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series, and two members for the ?P° and 
The terms of the three-member series are 
represented by the above formula with the 
priate values of @ and 8 introduced into 
the two-member series the terms were in 
from the Princeton table for Rvdberg’s formula 
Table 3 shows that the values for the gro 
4p *D,,, of Zr tv given by the ?S, 7F°, and | 
hvdrogenic *G series are in close agreement 
the *P° and 7D series give much larger values, 
known from other spectra that series terms fron 


G Series 
Curateh 


It. 


0 


TABLE 1, Classified lines of Zr 1 
Wavelengths longer than 2000 A, air values: vacuum values shor han 200 
Wave- Inten- Wave a ee 
lengths sities numbers an Coe 
A Kiem 
2849. 19 10 35087. 41 6p 2Pih—6d 2D 
2832. 82 15 35290. 15 6p ?Pi —bd 2Da, 
2770. 44 a) 36084. 72 Hp 2P%§ bd 2D 
2286. 6S 200 13718. O1 5s 2S Sp 2p 
2163. 63 500 16204. 06 Ds 2S ap 2Ps 
2125. 29 25 17037. 48 if I bd 2D, 
2092. 40 150 17776. 76 if 2k da 2Q, 
2091. 49 125 17797. 54 if ?F dg 2G 
1848. 06 10 54110.8 5d 27D Sf 2} 
1846. 42 100 54158. 9 5d 2D rf 2h 
1836. 14 100 54462. 1 5d 2D pf 2] 
1607. 99 100 62189. 4 5p ?P i Wf ?D 
1598. 98 200 62539. 9 op ?Pj od 2D 
1546. 19 150 64675. 1 5p *P5 51d 2D 
1469. 50 100 68050. 4 5p 2Pi 6s 2S 
1441. 11 20 G9391. 0 if 2 6 2Ga. 
1440. 68 IS 69411. 7 tf 2B, —69 2Gy, 
1417. 73 79 70535. 3 ap 2P§ bs 2S 
1291. 77 | 77413. 1 5d 2?Da, — 6f 2 Fay 
1200. 60 20 77483. 3 5d 2D Gf 2F 
1285. 04 15 77764. 1 5d 2] Of 2Fs 
1219. 85 150 81977. 3 td 2 Dy; — Sp 2Pixg 
1201. 77 250 83210. 6 td 2D», 5p ?P ‘ 
1183. 96 100 84462. 3 id 2] ap ?P 
SO4. Ol sS 1156590 op 2p 7 s 
S46. 42 ! LIS145 5p ?P ws 3S 
$25. 50 20 121433 5p * Ping — 6d 2 Day 
822. 0% 20 121647 Sp *Pi 6d 2 Dag 
S06. OS 20 123919 5p *Pi, — 6d 2 Dy 
,O00. 1S Ss 131548 js 2S op P ‘ 
7o4. 42 10 132552 5s 2S Op Pj ; 
633. 66 20 157813 1d 2?Das—4f 2F iy 
633. 58 100 157833 td 2? Dag— Af AF hy 
628. 68 100 159063 td 2] tf °F 
DSU. 75 
SRS. 89 25 169563 id 2] bp ?P 
585. 43 20 1GOS11 td 2 bp ?P 
5 I7TOS15 t/ 2]) Op P 
500. 22 
197. 12 2 199910 td 2 5f ?F 
| 201117 td 2] df 2 
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ind stat, 
he Nearly 
Whereas 


It Is 


ll 











ee eng 


the 
100 
the 
qr 

acd 
me 
976 


i = 





r SET les 


urate) 


appro. 
t. By 
Polate, 
ula 5 
stat 
near! 
Vheregs 

lt 


S fror 


_-_- _—_————- —_— — 


D 
1) 
1) 





» 
P | 


~ 








—<- ——. 


the p a 
too larg 
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Zr Iv a 
adoptes 
mean ol 
976970 om 


but the diff 


to be 


eu4rs 


‘erence of 
for the limit from the 7D and ?S series of - | 


LSOOO em 


eXCeSSIN ely large. 


94.33 ©) the Zr On 
TABLE 2 Terms of Zr 1 
T felative Term Absolute 
er! term separa- term 
values tions values 
) 0 . 276970 
af: on =e | San 
1) 1250 275720 
5s 2S 38258 238712 
, 81977 194993 
»p - 2484 poe 
rel 84461 192509 
|) 146651 »e 130319 
yl - ro) ‘ ‘ 
D 14700] 120969 
6s 2S 152511 124459 
ry | 159063 1) L17907 
| 159083 gs 117887 
> 169805 ‘ 07165 
6p) ~ 1005 10165 
| I7TOS1L0 106160 
72S 200121 TOS49 
2 20 2 T5R5S 
7 | s i] l2 1g 6989 
| 201160 7OS10 
1) 20580 7107 
ba 9 . = 206 ‘i ‘4 
I) 206102 <OS6S 
5g 2G 206860 7TOLIO 
| 22 } } l 5 > 52555 
/ 99 ou -<¢ ' 
| 224484 52486 
bg 2G) 298474 1N406 


Evaluation « 


Limit term 


Value of limit term 


Separation of limit te 
Absolute 


value of 4p 


f limit 


rm from ground state 


D 


Adopte d mean separation of 
Ionization potential of Zr 


electrons usually lead to limits that are 


between } 


The value 


Rvdberg 
denomi- 
nators 


Ogg 
O192 


6696 
67 5 


3. 7550 


S579 
S582 


_ 


0466 
OG5T 


1. «786 


1. SOUT 
41,8112 


1. YVOSY 
1. 9762 


2. 0O3S0 


5p 


194735 


herefore, for the ground state of Zr rv is the 
e three accordant determinations, namely, 
It vields an ionization potential of 
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Grotrian diagram of the terms 


Zr 1v 


Series 


212850 

S1LO7T7 
294827 
1. 5558 


0. O730 


Zr 1vV = 276970 cm 


ag = 











id?D 
276734 
0 
276734 
0. 2577 


mid 


1. 9133 


1 


and combinations of 


if 2F 
LIS396 
159063 


277459 

















TARBLI } Theoretical lerms of Zr Ill 
} 
Electron Ter Limit 
configurations cris in Zriv 
td 4d is ip G P I ) 
id 5s I'D iD 
Dds 5s is 
td Sp ip ‘PD i} ip iD i} -p 
5s Op ip Ip 28 
td 5d Ss P ‘Dp | G iS 3p ip I G D 
td 6s IPD ip D 
td 4f Pp 'p | G iH P D I G H D 
Dp op is iD P P 
js Od IPD iD S 
58 68 Is s Ss 
td Gp ip? §1p° IF Po *D 
ds 4} ik if Ss 
ws O*G (; C; 2s 
3.2. Spectrum of Doubly Ionized Zirconium, Zr | these terms are given in table 5, and all the lines 
The t a f the third ti classified as allowed transitions among the levels are 
" Sh . ‘ture o " . wtr ) Zil- ° ° mr ° ... * » ‘ 
Be tor © rise sagt i ah _; dre . s listed in table 6. The relative positions of the Zri, 
‘oO I ‘ese “( 3 riler WOrk ‘TL? s oO , P . ‘ ») P 
—~ oii : Ave ne ’ Aral 1 re iti an i many terms are shown in figure 2. For some of the clagsj- 
0 ? oOrLlo 2 cleriv e¢ Vv ? 0 ) Ws . ° pF r 
oe Pp ' , ry o - a y a pe a ‘4d D fied lines of Zrim, Zeeman patterns were found o 
np / i ( 7 eCrec ‘oO 0 e gTOotl J ¥ rt’ . ° . . 
t y ys my ‘ : ae : sl a“ Crm a dl the MIT spectrograms of zirconium. Although fey 
Oo avr iv. owever, Oo er terms are to be e cle . ; -¢ 
( al ilit; if ‘ , " is ee “| in number these patterns verify some and correc 
oO > § oO ) ari ais tTectr Ss -¢ . . : -* . 
, - > d wa ~ gos 4 5 2p “of Ze - All af other classifications of lines in the earlier work 
» excited states 58S : 5p- f Ariv. . pot : rs 
2 h th m iY —y on Mp “el ; : 7 iV 7 th Chev are given in table 7. 
suc eoretical ter : ave been To : ~ 
cn + me oe 3 rms that have ; le ' 8 mn +} Among the terms in table 5 are several pairs that 
‘OSE » o; ) are @& , ; " : a . . . . 
i en vc ourel ie on +“ even wT ' 1 1 ae wi are parts of Rydberg series. No sequence of three 
, “a MISIV ) 7 i S ’ ’ -Vvatlues 7 “}. . . » 
© PreviOUmy KAROWN verais. — aera © or more members of a series has been found in Zriy 
_ : en Nine such pairs of terms and their absolute values, 
[ j; P | | | as interpolated from the Princeton table, are recorded 
a 5s S¢ in table 8. By adding to each its distance above the 
ground state 4d °F, of Zriu, a value for the gound 
state may be derived. Inspection of the table shows 
that also with Zrii the terms from configurations 
containing p-electrons give higher values for th 
cround state than do the others. The values for 
7 , 1/ °F, from configurations with running ns and nd 
. electrons are in good agreement, and have been aver- 
2 a is ro aged to give a mean value of 198590 em for the 
3 separation of the ground state of Zrin from that of 
: = Se 8 Lviv. This corresponds to an lonization potential 
> - S = 174 of Y4 0H eV 
° . : * — P 
TABLE 5 Terms of Zr wi 
| 
¥ Klectron con T Relative term Term sepa- 
erin 
7 figuration value ratio 
f 3 : aa' 
| 0.0 . 
= | GRO 5 tis) ) 
oneal 805. 2 
| i 1485 ‘ | 
a ' 
- 1) 5740.9 
7 * ’ 1d (2? 1D)) 4d ‘Pp SOGL. 50 »4 19 
P 8324. 92 2 
ant 4a 4¢ om ~ >! > ra j 
a P SS37. 45 
——— . J —_——_—_ —— — — | 
Te? 11047. 90 ) 
FicgurRE 2 Term diagram of Zr wi 
| s 23976. 48 } 


@, Even triplet terms , odd triplet tern 
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value 


IS307 
ISSO] 
19532 


25065 
35500 


55554 
5OOT4A 
5TOSO 


DDOLS 
56434 


573 15 


5VO44 
DUGG 
ov) R55 


5356046 
621 13 ) 
O25S87 


79436 
SOLOS 


81553 
83772 


103759 
104105 
LO4878 
104632 
LOSLS8S8 
105964 
107252 
LOTS19 
LOS314 
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LO8356 
109268 
LOQ507 

LOO499 
LO9095 


LOULSO 
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LOS006 
105320 
106300 


110134 
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103, 7 
730. 50 
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519 It) + 
L606. 56 aa 
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O11 IS 
| 1)) 41 
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247. SO 2 
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(i 
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1450 b F 
\ P 
P 
346. 5 | P 
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iia 2 p P Dp ( l 
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996. 3 s 
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120555 
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121274 


120660 
121019 


123336 
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123959 
124800 
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TABLE 6. Classified lines of Zr 111 
> 
avenum- -p Wave | om 
Wavelength Intensity “ —— rerm combination Wavelength Intensity aoe lerm com! tion ) Wi 
j Kicm= A Kiem! 
3497. 78 15 28581. 41 td 5s 'D,—4d 5p ' D5 2220. 25 Is 15025. 01 4d 4d 'Gy—4d 5p 3F 
3278. 86 10 30489. 65 td 5s 'D,—4Ad 5p °F% 2218. 48 15 15061. 83 td 5p *P id 6s 3D 
3223. 95 20 31008. 92 td 5s !D.—Ad 5p 3F3 2206. 97 10) 15296. 82 5s 5p 2P3—5p 5p 3p 
3160. 00 7 31636. 44 td 4d 'Sy—4d 5p °D;j 2206. 33 60 15309. 96 4d 5p 2Pi— 4d 6s 2D 
S096. 95 5 32280. 50 td 5s 1D,—4d 5p *D 2192. 05 35 15605. 09 
2078. 72 5 35720. 11 td Ad 'So——4d 5p *P 2191. 15 100 15623. 83 td 5p *Pi— 4d 6s 3D 
2886. 70 15 34631. 50 td 5s 'D td 5p 3P 2186. 20 l 15727. 12 id Sp 'F3— 4d 5d 4B, 
2869. 06 20 34844. 42 4d 5s 5D.—4d 5p 'D 2180. 12 22 15854. 61 
2836. 18 iD 35248. 35 td 5s *D td 5p 'D 2178. 49 20 5888.93 5s 5p ?Pi—5p 5p 3p 
2832. 81 20 35200. 28 id 5s 'D td 5p *P 2175. 8O 100 15945. 66 td 5p *P id 6s °D—D 
2775. 23 25 36022. 43 td 5s °*D tid Sp I 2166. 38 22 16145. 42 bid Sp P } Wi ID 
2735. 76 75 36542. 12 td 5s °D td 5p I 2162. 20 1) 16254. 62 
2720. 07 1) 36752. 89 td 5s °D td Sp °F 2159. 24 1) 16297, 99 td 4d 'Gy— 4d 5p 2D 
2715. 76 15 36811. 22 td 5s °D td 5p Dj 2151. 98 15 16454. 17 58 5p *Pi— 5p 5p 'D, 
2709. 05 50 36902. 39 td 5s °D td 5p %D 2149. 45 10 16508. 04 td 5p 'F 1d 5d IF 
2698. 31 60 37049, 26 4d 5s 'Dy—4d 5p 'P 2143. 72 12 16633. 13 9 4d 4d "Gy— 4d 5p 3F; 
2690. 49 70 37156. 94 4d 5s *Dy—4d Sp *1 2139. 85 25 16717. 47 9 4d 4d 8Py— 4d 5p 3B 
2686, 28 io $7215.17 4d 5s *D,—4d 5p *D 2138. 45 5 16748.05 5s 5p °Pi—5p 5p3P 
2682. 16 1Ow 37272 44 td 5s °*D tei op | 2137. 90 35 16760. O07 te/ 5p D hd 5d 3° D—D 
2664. 26 150 37922. 73 id 5s 'D bil 5p 'k 135. 02 10 16803. 41 id 5p ®P2— 4d 5d ID 
see >= «> Ae ) . ee 
2606 46 100 31052 ww hdl o D } »} F131. 61 \ 1GROR 02 ti 5p p td 5d 3F 
2643. 79 200 37813. 24 4d 5s *Ds—4d 5p 195 949 is 17037. 48 4d 5p 'Pe— 4d 5a 1P 
2628. 26 60 38036. 65 | 4d 5s *D,—4d 5p ae ae ; a oe) oe ae on 
and . ~ : on . 3c 2 > 2125. 06 1) 17042. 57 os Op | Op op P | 
2621. 28 50 38137. 93 ld 4d 'S td 5p ' ne ARO oe ep’ sn = 
96290 56 21) IS148 41 td - D 11] | 2120 Od } 7 153 12 hel op \} hid 5d P 
— o — : - "8 2116. 63 Is 17220.90 4d 4d °P,— 4d 5p 3 \ 
2593. 64 100 38544. 33 | 4d 5s *Dy—4d 5p *D ee iat ni , i 
2448. 86 100 10822. 96 4d 5s *Dy—-4d 5p °P 2116. 30 IS eie3d. 27 | 4d 4d td Sp sF 
29444 58 50 10894. 42 td 58°D td 5p P 2114. 10 30 17286 12 bid Sp D hei Dd G 
2438. 70 25 109903. 02 2113. O8 1) 17280. 10 td 4d 3°P bi op D 
2420. 65 75 11298. 67 4d 5s °D,—4d 5p 3P 2112. 40 ° 7324. 47 Ad Sp *D3— Ad 5d 8D 
2108. 37 i 17414. 90 5s 5p 'P 5p 5p 3P 
2406, 21 ib 11546. 48 td 5s °D td Sp P 
2405. 81 35 $1553.39 4d 5s *Dy—4d 5p ®P; 2106. 18 3, Hf? 17464. 21 id 5p °P3s— 4d 5d 3] 
2389. 32 10 H1S40. 15 2105. 33 l 17483. 37 td Sp ‘1 ld 5d 3S 
2382. 65 10 $1957. 26 |) 4d 5s °D,—Ad 5p ®P% 2104. 23 25 17508. 19 = 4d Sp 3FY— 4d 5d 8G, 
2336 50 10) 12785 2 58 5p ip 5p 5p 3B) 2103 16 50 17532 36 4¢/ 5p ) hd 5d D 
2102. 30 1 17551. 8O td 4d 3P td 5p *D 
2521. 8Y 7 13055. 11 td 5s §D,—A4d 5p "1 
2308. 12 75 HS311.95 4d 5s *Dy—4Ad 5p 'P 2100. 20 10 17507. 30 | 4d 4d 9 P,— 4d 5p 2D 
2301. 60 lOO 1454. O4 ; : 2097. 03 0) 17671. 28 4d 5p *Ds— 4d 5d 2D 
2286 is 20 3716 05 bil ? bil op ip 2089. 50 1) 17843. 06 4d 5p *D td 5d 3Cy,y 
22833. 15 20) 13785. 59 dd 5s id Sp 'k 2086. 78 200 17905. 41 4d 4d 'D,— 4d 5p "D3 
2085. 35 25 1738, 25 td 5p ?P td 5d PP. | 
»2 0) 3815.3 d5p'*r d 5s ae " “9 eA Cc e 
+ a a mee ne id Sp °— 4d Sd *D 2083. 77 7, Hf 17974. 60 4d 5p*Dy— 4d 6s*D, | 
= ~ , - - 2082. 61 20) tSO01. 32 id Sp ?*P id 5d 3P 
2280. 07 be 3844 } a > 
2978 bE . 13910 40 td 5p 1 td 5d 1D 2081. 81 30 $8019.76 4d 5p 'Pi— 4d 6s 'D I 
2OR7 22 1 11976 57 1 5» 3p 1 5 943 2080. 90 100 18038. 68 4d 5p 'Fy— 4d 5d 1G, 
ne ee oe dies eth lili 2077. 92 100 8100.64 4d 4d 2 P,)— 4d 5p 2D 
2254. 26 15 14546. 68 2 _ oe , i 
2252. 37 20 14383. 89 4d 5p" td 5d 'D 2076. 37 10 145.95 4d op td Sd *D, | 
2251. 14 25 $4408.14 4d 5p *Pi— 4d 5d 2D 2074. 12 ov S197. 77 4d Sp *D3— dd 5d 8G 
2245. 36 50 $4522.44 4d 5p °P,—4d 5d °D 2073. 81 a 18207. 00 4d Sp sP3— 4d 5d *D, 
2241. 33 2 14602. 48 5s 5s 'S)—5s 5p ?P 2070. 96 15, Hf? S271. 31 5s 5s 'S)— 5s Sp P 
2070. 43 125 18283. 66 td 5p *FY— 4d 5d GQ : 
2238. 26 5 14663. 65 
2231. OO 30 14808. OS td 4d °P,— 4d 5p 'D 2064. 93 10 $8412. 25 id Sp *P§— 4d 5d *P 
2228. 10 20 14867. 30 . _ . 5s 5p *Pi— Sp 5p *P 
50 93. 49 ‘ 
2223. 31 10 $4963. 05 he/ 5p P53 td 6s 2D 2001. 44 * 184 bed »p D bd 5d D. 
2221. 36 20 15003. 42 5s 5p *P3—5p 5p 'D 2060. 83 75 18508. 55 td 4d 3P id 5p *D 
? 
} 
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P 
D 
D, 


D 
1) 
p 
p 
D. 
D 











Wavelt 
A 
205. | 
9058 
2058 
2056 
2048. 40) 
2045. 7 
2042. | 
2036. 2 
9035 2 
9033. 70 
2030. 12 
2020. 04 
2026. 7S 
2023. SS 
2021. 52 
POLO. 65 
2015. 30 
2011. 15 
2008, 26 
2006. S2 
2004. 69 
2004. 45 
2003. 26 
2002. 00 
2001. 06 
2000. 2 
1999, 09 
LQOS8, 5] 
1997. 30 
1906, U2 
19905. 36 
1904. 46 
LQG, a5 
1USO. SS 
1OS86. 75 
LOSS. 14 
1982. 61 
LOSL. 67 
1981. 21 
1974. 99 
1972. 6 
1967. SI 
1966, 22 
1965. 1S 
1962. 92 
1962. O] 
N61. 32 
1956. 03 
1953. 95 
L951. 86 
1946. 49 
1946. 61 
1946. 12 
1945. 00 
1941. OS 





Intensity 


50 
SU 
25 
20 
LOO 


Wave n 


ber 


AK (te 
18551 
18558 
1857 1 
LSOLY 
ISSO2 


1SO12 
18054 
19077 
OL 14 
19154 


19242. ; 


19246 


19323. 3 


19304 
19451 


10571 
19653 
19707 
19778 
1OS15 


LUS6O6 
19872 
19402 
199355 


19035 


M004 
50022 
50037 
50067 


50077 


5OLLO. 3 


5SOLSS 


50227 


50255. : 


llli- 


12 
O35 
Q4 

$2 


Si 


94 


60 


14 


iv 
SS 


SO 
@ 
1) 

80 

SO 


50425. 1 
50438. 6 
50462. 5 
50474 2 
50633. 2 
50603. 7 
5OS17. 0 
50850. O 
5OSSS. 0 
50044. 5 
5OUGS. | 
5OORG. | 
51124. 0 
51178. 4 
51233. 2 
5SL3S6L. 3 
51371. 4 
51384. 3 
51413. 9 
51517. 7 


TABLI 


Classified lines 


Term combination 


of Zr i 


Wavelength 


A 
id 5p °F3— 4d 5d 2D 1940. 25 
td 5p °F td 5d 2G 1937. SI 
td 5p *Ds td 6s 2D 1937. 27 
td Sp Fy td 6s ?D 1936. 67 
id 5p °F td 5d °D 1936. 48 
td Sp Ps td 5d °P 1935. 20 
td 5p *D td 6s °?>D 1934. 32 
id 5p °F td 5d 3G 1932. 54 
td 5p °F td 5d °C, 1925. 98 
5s 4f 'F3—5s 59 °C, 1925. 88 
id 5p*D td 5d 'D. 
1922. 26 
td 5p *P td 5d °S 1921. 96 
td 5p *I td 6s °D, 1914. 25 
td 5p I td 5d°D LOLS. 34 
td 5p *Di—4d 6s *D 1894. 36 
1d Sp *l td 6s °>D 
1892. 07 
td 5p ?P td 5d 3P» ISSS. 70 
td 5p ?P td 5d 3S ISSL. O2 
td 5p %D t/ 6s *D 1879. 92 
td 5p >P td Gs 'D IS78. 56 
td 4d 'D td 5p 41 
1877. 00 
td Sp D td 6s 2D 1867. 76 
td 4d 'D,— 4d 5p *D 1865. 83 
be 5p P bd 5d 3S 1865. 45 
1864. 06 
IS61. 77 
IS60. 47 
ys Af BBG ms 5ay 8Cy 1850. 12 
ys 4/6 °F ss 5g 8G 1853. 38 
5s 4° 3F ss 5y *G 1850. 35 
5s 4f 3h 5s 5q *Cy 
1S50. O06 
5s 4f 7] 5s 5g 3G 1S40. S4 
td 5p *F4 td 5d 31 1833. 09 
td Sp F 1d 6s °*D 1832. 16 
ys Af 11 5s 5¢'G SSL. SY 
td 4d 'D, — 4d 5p 31 
1822. 35 
td 5p 4 id 5d 'D 1S05. 26 
he/ 5p ‘ td 68 'D 1803. 57 
td 5p? td 5d 2D 
td 5p td 5d 4] 1805. 46 
td 5p 3k td 5d °F, 
id 4d 1D, — 4d 5p ?D 1801. OF 
td 5p °Di— 4d 5d 3F 1800. OS 
7 1708S. 36 
td 4d 3P td 5p *P 1708 | 
id Sp *Di— 4d 5d 'D 1796 2g 
id 5p °*F3— 4d 5d 'D, Seta 
td 5p *1 td 5d °F, 1793 59 
td 5p '1 td 5d °G 1790 1%) 
5s 4f 3] 5s 5a 'Cy 1783 30 
id Sp *F3— 4d 5d 3F 1779. 51 
te/ 5p 1) td 5d D 1773. 90 
id 5p 'Ds— 4d 6s *D, 1771. 96 
td 4d 3P td 5p ®P5 1770. 35 
td 5p *D td 5d °F 1770. 28 
id 5p *Fy— 4d 5d 'k 1764. 75 
1d 4d 3P td Sp Ps 1763. 99 
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Continued 


Intensity 


— ho — =) ho 
crore oror 


150 
200 
10 
100 
10 


30 
20 


30 
20 


Wave num- 
ber 


Kiem 
51539. 8 
51604. 6 
51619. 0 
51635. 0 
51640 


51674 
51697 
51745. 
51921. ¢ 
51924 


wD & DM to 


()22 
030 


52 
52 
52239 


zZwe 


5 
52264 
52788. : 


th 


~~) 
— 

> be OH 
~t 


-F 


53540. 1 
53595. 4 
53606. 4 
53646. 3 
§3712. 3 
53749. 9 
53788. 0 
53055. 5 


54043. 8 


54052. 3 


) 
54058. 7 
54552. 7 
54580. 4 
54588. 4 
54874. 2 
55343. 7 


55445. 6 


55449. 0 


55504. | 
55554. 6 
55606. 2 
55613. 3 
55668. 1 


= 

_— 

x - 
7° 3 


56665 
56689 


“I bo bo 


Term combinatior 


tid 4d by, td 5p 't 
td 4d 'D id 5p *D 
td 4d ®P, td 5p *P 
id 4d 3P. td 5p °P 
td 5p *Dj td 5d 3} 
id 5p 'D3— 4d 6s 2D 
td 5p 3k td 5d 31 
td 5p *I td 5d 3} 
be 5p be 5d P 
td Sp td 5d °P 


td 5p *Dj 4 
td 4d §P,—4d 
4¢/ 5p Fs 4 5d KF, 
td 5p F3— 4d 
td 5p *D hel 


td 5p 'D td 
td 5p *Fy—4d 
td 5p §*D3— 4d 5d 35, 
td 5p %F hil . 
5s 5p 'Pj—5s 5d *Dz 


td 4d °P td 5p 'Pj 
td 5p *I td 5d 'F 
td 5p *I td 5d 'P, 
1d 5p '*D id 5d 3'F, 
td 4d 3] id 5p ' D3 
td 5p I td 5d 3P 
td 4d 3P td 5p 'h 
td 4d 8P; — 4d 5p 'P¥j 
td 4d 'D td 5p ?P 
td 5p 4%] td 5d 3s 
td 4d 3P td Sp 'P¥ 
td 5p st 1d 6s 'D, 
td 5p 31 td 5d 'Cy, 
te 5p I ‘ 4e/ Os 1) 
td 4d 2Fy—4d 5p %F 
d 4d 3F td 5p sl 
j 3} d 5p st 


5d 31 
4 5p Ip td 5d 'P, 
td 4d 3] td 5p *F 
9s 5p ' Pi — 5s Gs 3S, 
td 4d °F,— 4d 5p *Dj 
8s 5p 'Pj—5s 5d 'D, 
td 4d 3] id 5p *Ds5 
td 4d 3F, td 5p Ds 
td 4d 3F.— 4d 5p 2F3 
td 4d 3Fy— 4d 5p 3F; 
td 4d 'D.— 4d 5p ' Pj 


id 5p 'Ds— 4d 6s 'D, 
td 4d *F;— 4d 5p *D 
5s 5p Pj —5s 5d 3D, 








TABLE 6. Classified lines of Zr 11—Continued 





\\ Wave num-| -pn W: : Fate Wave num- py ! 
avelength Intensity rerm combination avelength Intensity Term cor atic } 
‘ ber ber ation \ 
A A ci A AK cM l 
1750. 12 35 56846. 6 td 4d 'D,— 4d 5p 'F 919. 59 25 1O8744 td 4d 'Gy— 4d 4f iq 
1757 iS 20 56899 7 5s Sp P 5s 5d D 918. 06 20 1LO8925 td 4d 'G,— 4d if 1G: 
1754 38 10 57000, 2 td 4d 3k td 5p 3F;§ 912. 28 3 LO9616 td 4d 'G,-— 4d tf 3H: ) 
1743. 55 20 57354. 2 5s 5p °P§— 5s 5d 3D 911. 22 l 109743 td 4d 'Gy— 4d Af 35 
1720. 38 6 57824. 2 5s 5p §Ps— 5s 6s 4S 909, 32 8 109072 td 4d 'G ld 4734 } 
1727. 46 3 57888. 5 5s 5p *P3— 5s 5d 'D, 907. 18 15 110252 td 4d Gay Ad 4f 35 
1725. 03 TD 57970. 0 5s 5p 'Pi— 5s 6s 'So QOL. 15 2 110969 td 4d '°G td 4f (: 
1703. 36 10 58707. 5 td 5s 'D.—5s 5p 'P 896. 45 l 111551 4d 4d 'Gy— dd 4f C 
1687. 14 3 59271. 9 5s 5p 'Pi— 5s 6s 3S, 894. OS 2 LL1847 td 4d 'G,— 4d 4f C: 
1675. 75 35 59674. 8 td 4d °F td 5p 'P 893. 22 1 111954 td Ad ®P.— Ad Af 3} 
} 
1675. 06 35 59699. 4 td 4d 31 1 5p >P SOL. OO l 112233 td 4d 8P,— Ad 4f aE 
1672. 35 15 59796. 1 td 4d 'Sy— 5s 5p 'P S90. 78 6 112261 td 4d 'Gy— Ad Af ips 
1668. 35 s 59939. 5 5s 5p *Pi— 5s 6s 3S S85. 66 15 112910 td 4d 'G td 4f 8fp 
1638. 33 50 61037. 8 1 5s °D,— 5s 5p *P5 883. 52 2 113184 td 4d ?P.— 4d Af 3G 
1636. 61 20 6L1O1L. 9 td 4d 3Fy—4d Sp 'F 870 4 i) 113760 4d 4d 3P.— 4d 4f ip 
1631. 31 75 61300. 4 td 5s *D.— 5s 5p *P 873. 61 IS 114468 td 4d P bed Af 1} 
ane 04 15 61425. 6 td Sp 1 5p 5p |S 873. 36 6 114500 a a “A id 4f3f 
622. 23 | 61643. 5 5s 5p °P 5s 6s 'Spy 872. 76 12 114579 hed Ae hd 4/32 
1620. 62 50 61704. 8 td 5s °D,— 5s 5p 3Pj 870) 03 5 1] 1820 td 4d 'D bd 4f 
1615. 33 15 61906. 8 td 4d °F td Sp tk 869. 47 12 115013 td 4d 3P,— 4d Af 3] 
1612. 38 100 62020. | td 5s °>D;— 5s 5p *P 869. 18 2 115043 td 4d 'D hed Af 3] 
1609. 94 20 62114. 1 td 4d 3F,—4d 5p 'P 868. 09 25 115076 td 4d °P,— 4d 4f 3p 
1593. 59 10 62751. 4 id 5s °>D,— 5s 5p 3P» R68. 64 25 115122 td 4d *P,— 4d 4f 4D 
1583. 39 20 63155. 6 td 5s *D,— 5s 5p *P 867. 50 20 115274 td 4d *Py— dd 4f9D 
1566. 35 l 63842. 7 1d 5p ?P 5p 5p 'So 865. 19 1 115582 td 4d 3P bd 4f 1p 
1565. 45 10 638740. 4 td Sp P 5p 5p P S64. S86 30 115626 1d 44 °P ted 4f 8p 
1563. 24 25 639069. 7 td Sp \} 5p Sp '[) —— o - td 4d 3P bd 4f 3p 
1539. 07 2 64974. 3 td 53 3D 5s 5p 'P¥ S63. 23 15 115844 td 4d 3P id 47 1p 
1514. 93 8 66009. 6 bd Sp 'I 5p 5p *P 860. O4 7 11627 td 4d 'D.— Ad 4f 3G 
1510. 52 10 66202. 4 td 5p *Ps— 5p 5p 'D 
859. 56 25 116339 td 4d 'D,— 4d 4f'D 
1508. 38 5 66296. 3 td Sp *Pi— Sp Sp °P 850. 42 12 116358 id 4d 3P ied 4f 3p 
1503. 87 6 66495. 1 id 5p °*Ps— 5p 5p 3P 858. 56 1 116474 td 4d °P,— 4d 4f 3P 
1495. 66 2 66860. | td 5p *P§—5p 5p 'D 857. 49 / 116619 td 4d 3P td 4f 3p 
1404. 67 10 66904. 4 td Sp *P§i— 5p Sp 3P, 850. 61 30 117563 id 4d 'D bed Af 1} 
1489. 13 12 67153. 3 id 5p °Pi— 5p Sp 8P, 
92 3 7658 d 4d'D f 
1465. 44 25 68238. 9 td 5p iP 5p 5p ®P, + RY Ik pot a ~. Ip ~ y : 
1451. 40 s OSSOO. O td Sp P 5p 5p P, R45. 26 & 118307 td 4d 3F td 4f'H 
1444. 8S 20 69209. 9 td 5p *D3— 5p 5p 'D, S44 Oo 3 LIS483 ted Ay F, 1 4f1G 
1426. 11 5 70120. 8 td 5p *Ds— 5p 5p 'D 842. 33 9 LIX718& td 4d 'D.— 4d 4f3P 
1420. 87 25 70379. 4 id 5p *Di— 5p 5p *P 
7 — 7 SO3! d Ad! 1 4f 3p 
1420. 12 35 TOALB. 6 1 5p*D 5p 5p 'P a0 44 . + id 4d 'D a 
bl . .". & 830. 55 12 L1Ott td 4d 3t td 4f'H 
1418. SI 6 ZO4ASL. 6 td Sp | op op ']). S230. 12 - 1190172 id 4d 3F td 43H 
1408. 40 15 71002. 6 id 5p *Fs— 5p 5p 'D oo os ; aan ” 
~~ : be oy . 2 ~% 838. 31 ! 119288 td 4d I td 4f'G 
1403. 74 20 71238. 3 td 5p?*D 5p 5p R28 DH) - 119308 td 4d °F i 403} 
1403. 48 1) 71251. 5 Wd 5p *D5— 5p 5p *P —— : ease , 
1402. 62 { 71205. | 1/ 5p | Sp 5p P S36. 60 IS 119531 td 4d 3F, 1 47°H 
1393. 20 65 71777. 2 id 4d ®P,— 5s 5p 3P 834. 85 20 119782 td Ad 8B, 4d Af 
1385. 75 Is 72163. | id 5p *Ds— 5p 5p 3P S34. 19 8 119877 td 4d 8Fy— dd 4f "I 
1378. 93 30 72520 0 id Sp *Fs— 5p 5p *P 833. 51 10 119975 i Ad °F y— 4d Af OH; 
1375. 13 25 72720. 4 1/ 44 5P 5s 5p P 832. 50 15 120107 td 4d 4] bed Af I 
1371. 50 20 72912. 9 1 5p 'D 5p Sp ‘PD 820. 50 25 120555 td Add 4] td Af] 
1360. 07 1 73042. 3 bd 5p ®t 5p 5p ?P 829. 24 15 120592 td 4d 3F td Af I 
1320. SI 30 75711. 1 ii 4d Py — 5s 5p 'P $27. 90 20 120788 td 4d *} bd 4f 91 
1281. 53 | 78031. 7 td 4d 'D is 5p 'P $25. 65 IS 121117 td 4d 2k, Add 4f°G 
1000. 72 6 QOQ2ISR bd 4d SS td 4f 'P§ 824. 16 20 121336 ted Add 3} / 4f°G 
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lor 


oH 


H 


f 

} 

a | 
i) 








Wavel 
A 
82:3. | 
820 
820 
S19 
S10 
S16 
R15 
814. So 
S11 
S10 ‘i ) 
807. SS 
R02. OU 
762. 0 
751. 1b 
744 5S 
736. 07 
736 7 
733. 20 
733. O5 
731 is 
731. 12 
726 yy 
724. 40 
724 0 
7233 5a 
723. 13 
720. U6 
720. 50 
720. 15 


Wa 


Jot SUSS 





Intensity 


ve le ngthes 


1 


7s 
Is 
2735. 76 
2715. 76 


2608. 31 


ANT 


PS3S6 


2000 
2086 
2682 
2664 


2656 


19 
28 
16 
26 
th 
2643. 79 
2628. 26 
2620. 56 


2503. 64 


nh 


TaBLe 6. Classified lines of Zr u1—Continued 

Wave - i : 

— Term combination Wavelength Intensity 

Kiem A 

121405 td 4d °F,—4d 4f3G 719. 16 | 
121816 td 4d °F,—4d 4f 'F 717. 53 ; 
121920 td 4d °F td 4f °G3 716. 28 7 
122012 td 4d °F,—4d 4f3G 715. 53 7 
122074 td 4d *F,— 4d 4f ' Ds 714. 18 6 
122470 td 4d 3F,— 4d 4f°D 710. 98 10 
122620 td 4d °F td 4f'F 708. 40 S 
122716 td 4d °F td 4/°D 700. 80 2 
123305 td 4d °F 1d 4f'F 696. 91 | 
123335 td 4d °F,—4d 4f°2D 695. 29 12 
123781 td 4d 3k 1d 4f°P 695. 06 10 
124688 td 4d °*F,— 4d 4f °P 694. 69 S 
131079 td 5s 'D.—5s 4f 'F 693. 65 2 
133127 td 4d 'G,— 4d 6p 'F 91, 42 15 
134304 td 4d 'G,— 4d 6p 4] 691. 19 10 
135691 1d 5s 3D.— 5s 4f3F 690. 39 50 
135746 td 5s >D,— 5s 4f 3F§ 687. 95 2 
136372 td 5s °D.— 5s 4f 3 Fs 687. 64 25 
136420 1 5s °D 5s 4f3F 686. 28 } 
136616 b/ 5s D 5s 1/ if 684 38 2 
136776 te/ 5s D 5s tf Fs 683. OF 5 
137554 td 4d °P,— 4d 6p *D5 680. 69 3 
38045 td 4d °P. tel Op Dj; 

' d 4d 3P 1d 6p *D 

eats td 4d 8P,— 4d 6p *D 

138200 td 4d 'D,— 4d 6p 'D 

L38288 4</ te/ P e/ Op P 

138704 td 4d §P,— 4d 6p ?P 

138702 td 4d °P te/ Op P 

138860 td 4d °P td 6p ?P 

TABLE 7 Zeeman patterns of Zr i /ines 
1 haded outward / shaded inward 

erm combinations Observed Zeeman patterns 
) 1) Spl 0.128) 0.993 

ys 32) jsp 'D 0.000. 0.422 1.336 

, Il) Op I 0) 13S, 0.684 0) STS, 1.104, 1.345. ] 552 
dS I) Dp 1) O.000 | S24 

5s (ID 5p 'P 0.000) 0.972 

se 3IDP Sp 31 0.000, 0.281) 0.791, 1.074 

os 3—D,— Sp 3D 0.000) 0.506 

, 1) Sp 3F 0.000) 1.040 4 

5s 'D 5p 'F 0.000) 1.020 

5s °D,— 5p *D 0.000) 1.166 

ID jp 3D 0.000) 1.341 

s 3D,—S5p 3D 0.000, 0.666) 1.150, 1.788 

3 ID Sp 3F3 0.000) 1.042 A 

ss 3D,—Sp 2D 0.000 w) 1.566 B 
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ber 


kK 


ci 


39051 
39367 
39610 
39756 


10020 


10651 
11163 
12604 
13491 
13825 


13872 
$3949 
$4165 
$4630 
14678 


16304 
16910 


Wave num- 


I 


id 4d °Py—4Ad 6p 
td 4d °P, td Op 
id 4d ‘Dy — 4d Gp 
tel te 3p 4¢/ Op 
td 4d 3P. td Op 
td 4d ip tel Op 
id 4d 'Dy— 4d 6p 
td 4d 3°F, td Op 
td 4d °F te Op 
tid 4d Ky tie/ Op 
td 4d °F, td Op 
td 4d 3F, td Op 
td 4d 3F td Op 
td 4d °F 4e/ Op 
td 4d °F te/ Op 
td 4d 3F, td Op 
td 4d °F, td Op 
id 4d °F ,— 4d 6p 
td 4d 3F td 6p 
td 4d °F td Op 
td 4d 4] tid Op 
td 4d 8F)— 4d 6p 


Derived g-values 


1. O70: 0. 914 
0. 495: 0. 914 
1. 345: 1. 104 
1. 162: 0. 500 
1. O70: 1. 266 
0. 495: 0. 792 
0. 495: 0. 500 
1. 162; 1. 104 
1. O70: 1. 045 
1. 162; 1. 136 
1. 345; 1. 364 
0. 495: 1. 136 
1. 345; 1. 224 
1. 162: 1. 364 
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ree 
lonization potential = 198590 1.2395 * 10-4 = 24.6 ev e 
sing 
! too 
4. Discussion is correct, Hlowever, in the theoretical term-strue- 
ture of the 4d 4f eleetron-configuration there is no bee 
The terms of Zriv and Zrut recorded in tables 2.) room for an additional term with J—4. Careful sup 


and 5 conform almost without exception to those combing of the spectrum for another term with J=5 
required theoretically for atoms with 1 and 2 valence | has proved fruitless. We are left, therefore, with a 
electrons It is usually difficult to establish singlet choice of one of three possibilities: | the term 


terms with certainty if Zeeman patterns and inter- | labeled ‘He is correctly designated and violates the 
system combinations are missing. This is particu- AJ rule; (2) it should be accepted as an unexplained 
larly true of the 'S) terms of Zr ut for which, at most, | level 'X¢; (3) the line at 839.55 A designated as 4d 
only a few combinations can occur in the spectrum I tf'He should be regarded as fortuitously and 
It is always possible to find, in a complex spectrum, | not physically represented by this designation. — If 


pairs of lines that exhibit wave-number separations | interpretation (5) Is correct this line, with uppear- 
in approximate agreement with the separations of ance similar to that of nearby lines of the 4d—4f 
established levels. If any such pairs are physically group, would be left unexplained. Choice (2) does 
real, they should satisfy further requirements relative | not seem warranted. In favor of the first choice is 
to the intensities of the lines and the way in which | the fact that violations of the A.J rule are not unkown 
they fit into series. The 'So terms in table 5 have in other spectra as, for example, Paschen fh] pointed 
been selected on the basis of such tests in the absence | out in the case of the Hg m line at 2814.9 A 
of the more convincing testimony of Zeeman observa- Of the isoelectronic spectra Sri, You, Zeus, Nb 
tions iv, and Mo vy, the first is the only one in which series 
A singlet term of Zrim that should be accepted | of three or more members have been found. — In the 
with reserve tis the one in table 5 designated as 4d if other spectra of this sequence not more than two 


Hs It combines with the same levels as does members of a series are known. The series limits 
1d 4f'G§ from which it is separated by only 180 that have been reported for the speetra following 
em Thus, it would violate the selection rule for | Sri have been determined either with the Rydberg 


inner quantum numbers if the assigned designation | formula or with the irregular-doublet law. The 
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he limits thus derived with the one method 
and too low with the other 
table S are 


values ! 
are like I, 
\Ithou the limits of Zrim given in 


tO he too high 


ndoubtedly too large, the amount by which they 
should reduced can, at present, be only a matter 
of con] ure Therefore, it is deemed preferable to 


offer these Values only as provisional ones subject to 
hen future data become available 


rev ISO 

In 1 isoclectroni sequence of spectra from 
Rb 1 to \lo vi the only one with series of more than 
rwo members, following Rb ot and Sr ou, is Zr 1 
is stated above the *S, *F°, and *G series give 
soncordant results ino placing the ground state 
1) 2D, of Zr iv 276970 em”! from the ground state 
S of Z whereas the “?D series gives a value about 
1QOO0 « create! The series of Yo ur, Nb v, and 
\lo vi cach consist of only two members Although 
these series terms can be accurately represented with 


asimple Rydberg formula vet the limits caleulated 
by this method are greater than those derived from 
appheat on of the irregular-doublet rule to similar 
series of Rba, Sr, and Zr ov It seems reasonable, 
to adopt for the limits provisional values 
that are means between the extreme values given 
hy the different When this is done and 
the results are compared with limits derived from 
the 2D series, as in table 9, the differences between 


therelore 


methods. 


the convergences of the series are clearly revealed 
These findings confirm Russell’s statement that 
“Series involving changes in a d electron are usually 
vers regular, except for the lowest term, when this 
involves the binding of the electron as part of an 
In this case the energy of binding 
is considerably increased, and the application of a 
single Rvdberg formula puts the limit a great deal 


incomplete shell 


too hich 


The results presented in this paper could not have 
been achieved without the observational material 
supplied by Professors A. G. Shenstone, J.C. Bovee, 


TABLE 9 lhsolute term values of 2D 


;, From 2S or 2] Fro. ) 
Spectrum a n 7] Differe: 
. qT ‘ sire 
> 14510 26 
Rb b4556 = . 
LO7S80 440 
‘. 14428 * 1) 
Sri +4408 ul - . 
,O070 260 
You 168400 175080 6680 
Zriy 2T7O970 POU4ASSO 17 S80 
Nb v 107700 133730 26030 
Nlo vi DAVOO0 YSUGSO LOO30 
( Rydber 1 
( t t kK I 


and G. R. Harrison, as described above. To them 
| express my appreciation for their friendly coopera 
tion, and also to C. H. Corliss, W. R. Bozman, and 
Miss Marion M Harvey, of the Spectroscopy Sec- 
tion of the National Bureau of Standards, who 
assisted me with various phases of the observational 
and computational work of this investigation. 
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Frequency Conversion With Positive Nonlinear 
Resistors 


Chester H. Page 


A nonlinear resistor subject to an almost pe riodic voltage will absorb power at some 
frequencies, and supply power at other frequencies. Necessary and sufficient relations 


among these powers are found Among the practical consequences are the results: (1) 


modulation efficiency cannot exceed unity, (2) subharmonies are not produced, and (3) the 


efficiency of generating an rth harmonic cannot exceed Lin 


1. Introduction 


Positive nonlinear resistors are here defined as two-terminal devices through which the 
current (J) is a real finite single-valued nondecreasing function of the voltage (V7) across the 
terminals, with the added condition that 7(0)=0. The function 7(17) may have simple dis- 
continuities. 

The voltage is assumed to be uniformly almost periodic, i. e., a bounded continuous fune- 
tion of time representable by a uniformly convergent trigonometric series 

The resistor will absorb power, P,, (positive or negative), at each of the frequencies (@, ) 
in the voltage. Relations among the P, are of practical and theoretical interest. 

The voltage can be thought of as supplied by a series-connected set of generators, some 
of which are real, whereas others represent the effects of voltage drop across the remaining 
passive elements of the network. Generators associated with positive ?, are called “sources” 
those associated with negative P,, “sinks.”’ Continuity of V(f) is provided physically by the 


inevitable shunt capacitance, however small, of the resistor 


V pK >» a cos (wf +A) (1) 
| | 


The current through the resistor will be S* almost periodic,' as is shown in the appendix. 


It is given almost everywhere by 


theo 


T(t) . +. m. >) b cos (@,t+ ¢,). (* 
! 


The frequencies ©, may include some not required for the representation of V; these are included 
in eq (1) with vanishing coefficients. We denote the average power absorbed by the resistor 
at frequency ©, by 


7 
P,=(V,1Vit)})=lim a] VO Ka)at (3) 
Poo 21-7 


2. Modulation 


Partition the total voltage into two parts, a ‘carrier’ (V7) and the combination of signal 


and modulation products, such that 


V=V,+V, 
VV) =o (4) 


defining as modulation products all frequencies (other than the signal) appearing in V but not 


in the current that obtains in the absence of signal. 


Representability by eq (2 essentially what is meant by Stepanotl almost periodicity See A. S. Besicovitch, Almost periodic functions, 


Il. sections 2 and 3 (Dover Publications. New York, N. ¥ 1u54 


179 











' 


THEOREM The sources in 1. supply at least as much power as is absorbed by the sinks in \ 


The total power supplied by the sources and sinks of V» is 
V2/(V14+- Vip. = (V2 { V4 VJ—AViI] LV J[V ip. >o 


The first term on the right is nonnegative by the nondecreasing property of J, and the second 
term vanishes by the definition of V, 
The total power available in all modulation products is therefore not greater than that sup 


plied by the signal source, or modulation efficiency cannot exceed unity 


3. Necessary Relations Among P, 
The total power absorbed by the resistor is 
P=(VI),>0 


as \/ is a nonnegative function of ¢ Now 


O<pP V/ Ver ZV 4) = SP t) 
by virtue of uniform convergence. Further, 
P a. cos (wf 0,.)~b. cos (w t+, , La h. cos (@ A 
so that 
P| Pa h 
making 
Zir’.| ;>/a,6,| * y (3 Na?)(5 E67) VV *(T* 7 


using Schwarz’s inequality and the boundedness of Vand J. Similarly 
TP? J 15026? <1(S\a,6,|)? <45a7?S6? D X 


[= pal 


The final condition follows from the nondecreasing behavior of / 


A(x) Vit)h—Vi(t—a I Vinj|—1[Viit—sz)] .),>0 q 
Now 
V(t) Vi r) Sa, cos (w,f “ cos (w,f—w,r--6,) 
Ya, ‘ [1—cos w, 7] cos (w, t+ 86,)—sin wr sin (w,t+ 4 
with a similar expression for /(¢)—J/(f—), making 
A(r) Ysa h. cos (o #,)2(] COS @,7)*—sIn* @,7 
2sP | COs WT). 10) 


These results can be collected as the four conditions: 


(a) =P,>0 
(b) 2 Z'P, x 
(c) Tr x 
(d) SP (1 COs @ or) >0 all a 
4. Sufficiency 
The above necessary conditions are also sufficient; given a set of w, and P,, satisfying 
(a (d), there exists at least one combination of allowed voltage and resistor producing a set 


of P,, arbitrarily close to the specified values. 
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For consider the voltage 


V ASF cos wf. 
Condition (¢) guarantees the Parseval equation and (b) makes V uniformly almost periodi 
Condition (d) shows that V never exceeds its value at ¢=0(\o=—A°®2P,) and condition (a 
ikes Vo positive. Let Vobe applied across the resistor described by 
(), \< | 0 
l 12 
| | Vi 0 


where 6 is a small positive constant. There is a theorem ? that V’ possesses translation numbers 


such that 
WT e (mod 27) for n< N: (13 
hence a relatively dense set of time intervals for which Wo—6< V< Vo, yielding unit current 
By setting 1/4" equal to the fraction of the time that the current is unity, the power at @, 1s 
vivel by 
Fr’. cos w, td dt. (14) 
Jl Jl 


that is, ?)/P, is equal to the average value of cos w,f on the time intervals of unit current. This 
ratio can be made as close to unity as desired for any number (NV) of frequencies, by reducing 4, 
for the continuity of Vin eq (11) provides a continuous reduction of the intervals of integration. 
For n> N, the arithmetic error P,,—P, can be made arbitrarily small by a sufficiently large 


choice of NV. because by eq (14), PP, <1, and ='P, converges 
5. Practical Theorems 


Three practical theorems can be deduced directly from the necessary and sufficient rela- 


tions among the /?,. For the modulation theorem, we consider a sinusoidal carrier and signal, 
so that all w, are of the form nw,.+ ma,, | x n,m ©). Condition (d) vields 
TTP ,»|1l—cos (nw,.+ mwa,)r] > 0. (15) 
Kor a Irhk/w , han Integer, this becomes 
YLVP,,[1—cos 2rmkw,/w,| > 0 (16) 


and we can choose * to make the cosine less than ¢ for m<.M excepting the values m=/w,/,, 
for which the cosine becomes unity. Therefore 2ZP,,,,>0, summing over all frequencies that 
are not harmonics of the carrier. 

The second theorem states that subharmonics cannot be generated. Let + be the least 
common period of the sources (or in general the least translation number of the source voltage). 
Then P?,,(1—cos w,7) vanishes for all positive ?,, and condition (d) requires this expression to 
vanish for each of the negative P,.. Hence all sinks have the period 7; all generated frequencies 
are harmonics of difference frequencies. 

The third theorem limits the efficiency of harmonic generation to 1/n?. For 


P,(1—cos wr) P,, (A—cos nwr) >0 
making 


a l—cos or sin? wr/2 


“a - 
—~ — + (17) 
P, l—cos ner sin’ nwr/2 
\. 8. Besicoviteh, Almost periodic functions, p. 53 (Dover Publications, New York, N. Y., 1954 
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\s r->0, the ratio of sines squared goes to its minimum value of 1/n?. 
The positive definite form (d) can be generalized: 


lHreorem. /f Q\w& o | g(r) sin wr dr, where o(r) isa NONINCLEASING positive function, a 
of 
the integral is summed in the Cesdro sense. then J \q| ~q(w, P, is positive definite. 
For 


(\@ lim l r/A)e(a WW COS @r) 
\ ( 


f *» *d 
lim < . v(.r)(1—cos wr)d ar (l1—ws/A)( 1 —cos wr) ie) 1S) 


upon integrating by parts. Then 


| *) ; *\ 

J | 4) lim \ glu SP,(1 cos @,r)ydr+lim (] r/NSP,01 COS Wr) de) 1 
using the uniform convergence of (dd). By (d) and the restrictions on g, there are no negative 
terms on the right, so 

J{g|>0 2()) 
COROLLARY 
J (a Sw? P al for 0<a 2 


In this range of a, J vanishes only for the trivial ease of all 7’, zero. The closure J(2) is positive 
semidefinite; it vanishes for =sin® wf, 7(V)=—0 for V <0, 7(V)=1 for V>0 


6. Appendix 


Let /(V) have only a finite number of simple discontinuities in any finite range of VW. Let 
these be at the points Vy. Let 0<é<g¢.hkeb. V,—V) and let Lub. 7(V+6)—/(V so that 
for any 0 eb, 1(V+e)—1(V) <B. For V—V, 6, J is continuous in the interval [V, V+ , 
and « can be chosen to make /(Vte)—J(V ¢, where ¢ is any assigned positive numbet 


Therefore, 


i(V+e9—1(V 


Now if Vr is uniformly almost periodic, but not periodic, we can choose 6 30 that on the 


interval fo <<?<ft)+/, the measure of ¢ for which V—V, <6 ts less than /¢ 
Then 
MVithte€—TIV GO) dt << Bee +e 
ii 
lu.b {) | MVith)+e)—T (VC i} (, Be+] 
Now the translation numbers 7 of V(t) make V(t-- Vu eso that 
f) y . . 
lu.b < / | T / | f ut} Cy B | 
Vf, 


and /(f) is Stepanoff almost periodic, with a Fourier Series which converges to /(f) in the mean 
square. 


If Vit) is periodic, taen J(7) is also pe! odic, hence Stepanoff a. p. a fortiors 


WASHINGTON. December 19. 1955 
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Electrical Resistivity of Vitreous Ternary Lithium-Sodium 
Silicates 


Simon W. Strauss’ 


Resistivities of vitreous lithium 


and composition is also presented 


disilicate 
hthium-sodium: silicates were measured in the range 150 
given as log resistivity-composition isotherms 
The composition containing approximately equimolar 


sodium disilieate, and selected ternary 
to 230° C The resulting data are 


A correlation between heats of activation 


quantities of lithium oxide and sodium oxide showed a maximum value on the resistivity- 


composition isotherms as well 


as on the heat of activation-composition curve 


The re- 


sistivities of the glasses were interpreted in terms of the strueture of glass 


1. Introduction 


Developments in electronic and related fields have 
emphasized the need for electrical insulating ma- 
terials that can be used at elevated temperatures. 
Results of an investigation conducted in this labora- 
torv showed that ceramic coatings merit serious con- 
sideration in the field of high-temperature electrical 
insulation [1]. Krom the standpoint of high elec- 
trical resistivity, alkali-free ceramic coatings are 
preferable to those containing alkali ions. In some 
eases, however, where the fusion point of the frit is 
high, some alkali ions are added in order to obtain 
workable coatings. In these instances it would be 
desirable to add alkali ions in such proportions us lo 
minimize their effect upon resistivity and still yield 
a workable coating 

Some investigators have conducted studies on the 
electrical properties of glasses containing two species 
of alkali ions [2.3.4.5]. Their data indicated that 
when a mixture of two alkali ions was substituted for 


the same mole percent of either one, values for 
dielectric constant or loss when plotted against 


composition showed a minimum on the curve. 
Electrode potential and resistivity showed a maxi- 
mum value on a property-composition curve. Dale, 
Pegg, and Stanworth [2] studied the electrical proper- 
ties of five compositions in the system 50SiO,:- 
ISB.O,:5ALO,: (27 —1)LiLO:rNa.O. Their data on 
the room-temperature resistivities indicated that the 
glass that contained equimolar quantities of sodium 
oxide and lithium oxide showed a maximum value on 
the resistivitv-composition curve. It) was 
sidered desirable to study a three-component, 
lithium-sodium silicate system instead of a_five- 
component system such as the one cited, because any 
effects produced by the presence of additional oxides 
would be eliminated The data obtained on a 
three-component svstem should therefore lend them- 
selves more readily to mnterpretation The present 
paper the 


COl- 


deseribes results obtained On classes Ith 


r)Na,O:25i0, whose resistivities 
to 230” U. 


system shi.O0:(1 
were measured in the range 150 


2. Experimental 


The materials used were reagent grade lithium 
carbonate and sodium carbonate, and quartz crystals 
6] pulverized to pass a U.S. Standard No. 40 sieve. 
The batch compositions of the glasses are given 
in table 1. The method ef preparing the_experi- 





TABLE | Batch compositions of glasses in the system xrLioO 


l— sr) Na,O:28i0 
Oni 
Compo nid 
ition 

. Lind NaO SiO 
Vole Mole Mole 
l 10 O00 2 OO 
2 a] Ww 200 
; s 1 200 
i ~) nw 200 
45 DF 200 
h 70 “) 2.00 
7 il sf 200 
- m4) 1) 2.00 
u 5 5 200 
Ww 4) ‘“ 2 
a i 5 200 
12 Ww) mw) 2.0 
3 mw 2.00 
14 $l 70 2.00 
1 2 75 2 i) 
It my si) 270 
17 Ww mw 2 
Is mm oo 2 0 


mental batches, the test equipment used to measure 
the resistivities of the glass specimens, and = the 
method of test have been deseribed in detail else- 
where [6]. Measurements were made at 10 deg 
(* intervals in the range 150° to 230° CC. A 200-v 
battery line was the emf source. The 
resistivity values were calculated from the current, 
voltage, and dimensions of the specimens. Values 
for heats of activation, A//7*, were caleulated from 
the slopes of curves obtained by plotting log resis- 
tivity against the reciprocal of the absolute tempera- 
ture 


used as 
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3. Results and Discussion 
Figure 1 gives resistivity-composition isotherms 
at 150, 200, and 230° C for vitreous lithium disilicate, 
sodium disilicate, and selected lithtum-sodium sili- 
A heat-of-activation composition curve for 
these glasses is given in figure 2. These curves show 
activation of the 


eutes 
that resistivities and heats of 
ternary compositions are higher than those of the 
in each case, reaching a 


binary glasses, the values, 
approximately 


maximum for a contamimng 
equimolar quantities of lithium oxide and sodium 
oxide. The position of the resistivity maximum ts 
close to that reported for the five-component 
lithium-sodium-aluminum borosilicate [2]. The data 
show that two compositions, one on each side of the 
maximum on the curve, can vield glasses having a 
This observation holds true for 
values are equal to 


glass 


given resistivity. 
compositions whose resistivity 
or greater than that of lithium disilicate 

The fact that the resistivities of the ternary com- 
positions were higher than those of the binary glasses, 
even though the total number of ions was kept con- 
stant for all glasses, suggests that a tightening of 
the structure probably occurred in’ the ternary 
Smyth [3], in discussing the distribution of 
size of interstices in glass, states: “Because of the 
irregularity of the vitreous structure there should be 
quite a wide spread in size of the interstices.” As a 
first approximation, Smyth assumes a Gaussian dis- 
tribution. Applying such reasoning to explain why 
a mixture of two alkali tons in a glass gives much 
lower dielectric losses than the same concentration 
of one alkali, he stated: “When a mixture of two 
ions is substituted for the same mole percent of 


glasses 
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FIGURE | Resistivity-com position isotherms at 150°, 200°, 


and 230 r) Na,O: 2810, 


where x ranges 


C' for glasses in the 3 iste mi rLi () ] 
from Oto] 
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either one, the smaller quantities of each 
ion can find interstices which come close ti 


parate 
——e : fitting 
them and the number left in interstices too large fo) 


them is much smaller than when either single ion js 
used.”’ In this connection Stevels [5], in discussing 
dielectric losses in glasses, stated: “If ina class con. 
taining only one kind of network modifier, some of 
these ions are replaced by other network modifiers 
having a different radius, then a more compact net. 
work can be obtained.” Hence, both Smyth anq 
Stevels suggested that a more compact structure 
results when a mixture of two alkali ions is substj. 
tuted for the same mole percent of either on Th 
more compact packing in a lithium-sodium silieat, 
over that in a binary silicate may be expected to 
increase the activation energy and make it mor 
difficult for the ions to migrate through the structure 
This assumption is consistent with the data pre. 
sented in figures 1 and 2. Following the reasoning 
presented by Smyth and by Stevels, the maxima on 
both the resistivitv-composition and heat-of-activa- 
tion—composition curves suggest that a lithium. 
sodium silicate containing approximately equimola 
quantities of lithium oxide and sodium oxide has 4 
more compact structure than that of any othe 
composition in the system «#LiQ:(1—z7) Na,O:2si0, 
Because ternary lithium-sodium silicates — had 
higher resistivities than the binary compositions, thy 
question arises whether quaternary alkali silicates 
would have still higher resistivities. By analogy 
with Smyth’s reasoning, it might be expected that 
when a mixture of three alkali ions is substituted for 
any of the three, the smaller quantities of each 
separate ion should find interstices that come clos: 
to fitting them, and the number left in interstices 
too large for them should be smaller than whe 








“'9 


FIGURE 2 Heat of aclivation-com position curve jor glasses 
the system rLivO:(1 r Na.O 2810, where x ranges from Otol 
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eithe! ele ion is used or when two alkali ions are 
ysed. Results obtained on glasses in a system such 
as rLi,O:yNa,O0:(1—r—y KO: 2siC ), should clarify 
this port Such a study should vield information 
that would be useful not only in the elucidation of 
the structure of glass but also in the design of glasses 
and ceramic coatings of specified resistivities. — In 
this connection it would also be desirable to study 
systematically the resistivities of alkali-free glasses 
mn which a nonalkali ion is replaced by the same mole 
percent of two or more isovalent tons. 


4. Summary 


Resistivity data were presented for sodium disili- 
cate, lithium disilicate, and a series of 16 ternary 
lithium sodium silicates prepared by the substitution 
of sodium oxide for lithium oxide in a base com- 
position LiQ: 210. 

The results were Interpreted on the basis that the 
substitution of two alkali ions for the same mole 
percent of either one leads to a more compact struc- 
ture which decreases LOnLC migration, 

The variation in resistivity with change in com- 
position was found to be similar to that reported by 


Dale, Pegg, and Stanworth [2] in their study of five 
compositions in the five-compone nt lithium-sodi Wm 
aluminum borosilicate Svstem., In addition, it wa 
found in the present investigation that the heats of 
activation varied with change in composition in thi 
same manner as did the resistivity 
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Isothermal Compressibilities of Alkaline Earth 
Oxides at 21° C 


C. E. Weir 


Compression measurements were made by the piston-displacement method on powdered 


alkaline earth oxides at 21° C at 
and 10.000 atmospheres Pressure 
Compressibilities, 2, 
atmosphere are as follows: BeO, 8= 0.27, ¢ 
a¢—0.04; SrO, B=0.84, ¢=0.10; BaO, 8 
sibility behavior for CaO and SrO is noted 
in densities 


volume 


1. Introduction 


Ina recent study [1]! of the behavior of the binary 
alkaline earth borate glasses under high pressures, it 
was noted that data on the compressibilities of the 
alkaline earth oxides were largely unavailable. 
Bridgman [2] has reported data on the compres- 
sibility of a large ervstal of MgO and on compacted 
powders of MgO and CaO. Measurements on the 
powders were made without a confining liquid, 
pressure bemg applied directly on the compacted 
powder. The result for powdered MgO was much 
ereater than for the single crystal; thus, the validity 
of the data for powdered CaO is doubtful. Madelung 
and Fuchs reported earlier on MgO °3]. 

As all the alkaline earth oxides except BeO form 
eubie ervstals, the svstem is of considerable theoret- 
ical interest and has been treated by Maver and 
Maltbie [4], using the methods developed by Born 
and Maver [5] and by Sherman [6|. Because 
compressibility data were unavailable, Maver and 
Maltbie assumed a repulsion term similar to that 
found in the alkali halides [5]. Their calculations 
then led to negative electron affinities for oxygen 
and sulfur. Compressibility data on the alkaline 
earth sulfi les, selenides, and tellurides, also generally 
cubic, have been reported by Bridgman \7 

The present report describes the results of measure- 
ments of compressibilities of the alkaline earth oxides 
at 21° C at pressures up to 10,000 atm 


2. Experimental Method and Materials 


Methods used in measuring compressions have 
been described in detail in an earlier paper [8]. All 
oxides were in powder form and were contained in a 
small stainless-steel evlinder that was open at one 
end. The reference run was made using the same 
eviinder, containing a steel bar having a volume 
similar to that of the powdered oxides. 


and standard deviations of compressibilities, a, 


1.76, ¢ 
This is probably related to a similar abnormality 


1,000-atmosphere intervals for pressures between 2,000 


data are linear within experimental error 
in units of 10~-® per 
MgO, 6=0.60, ¢=0.12; CaO, B= 0.89, 


0.05. Some abnormality in compres- 


0.04; 


All oxides except BaO were prepared at tempera- 
tures of at least 1,000° C and were cooled in a sealed 
container to minimize absorption of moisture from 
the atmosphere. The weighed cvlinder was packed 
with oxide in the partly opened container, and the 
oxide was compacted in the cylinder with a steel 
ram red. Early attempts to perform these opera- 
tions in a dry box showed that the necessary manip- 
ulations could not be conveniently carried out under 
such conditions. The tube was reweighed after 
packing with oxide and immediately subjected to a 
vacuum (approximately 0.1 mm of Hg) produced by 
a mechanical pump. Following at Jeast 4 hr under 
vacuum, a sufficient quantity of a light petroleum 
distillate (Varsol) to completely cover the tube was 
admitted to the evacuated system. The liquid used 
had previously been dried with the particular oxide 
under study. The specimen was permitted to re- 
main under liquid for 1 hr at 1 atm, to assure pene- 
tration of the voids by the liquid before compression 
measurements were conducted. Following compres- 
sion, the tube and contents were weighed in dry 
liquid to permit calculation of the volume of the 
powder. Each oxide was studied in at least two 
separate) measurements, using freshly prepared 
material for each run. 

Immediately after the evlinder had been packed 
with the compression specimen, a portion of the 
residual oxide was taken for quantitative analysis 
for anion impurities. This specimen was expected 
to contain more moisture and CO, than the one used 
for compression, because it was exposed for a longer 
period. Analyses on all specimens were conducted 
volumetrically. Approximately 0.1 g of oxide was 
weighed out and treated with 100 ml of water 
Exeess standard sulfuric acid was added and the 
mixture digested several days on a steam bath with 
frequent agitation, more acid being added if required 
to maimtain an acid solution. Following digestion 
the acid was back titrated with standard 
alkali and the weight of the specimen as oxide was 
calculated. The ratio of calculated to measured 
weights was considered to give an estimate of the 
purity. 
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2.1. Preparation and Analysis of Oxides 


BeO—Bervilium oxide was a commercial material 
of tluorescent grade and was fired at 1.000° C for 16 
hu platinum prior to use No analysis Was per- 


formed because of the high purits of this specimen 


and the relative mertness of BeO toward water and 
arbor dion 

\igO.-Reagent grade MeO was fired at 1,000° C 
for 16 br in platinum \nalvsis showed 97.5 percent 
of Mle@QO 

CaQ—Reagent grade CaCO, was fired at 1.200° C 
for 24 hr in platmum to prepare CaO \nalvsis 


showed 97.8 percent of CaO 

sr) oxide 
sri lO for | week in porcelain 
ture was 600° C and the final firing was at 
(' for 72 In sri lO was prepared from reagent 
grade SrCh, and LO (nalvsis gave 98.0 percent ol 
SsrO. One impurity was Sr(1O,), in verv small quan- 
tity beeause the todine liberated from excess K1 by 
0.2 ¢ of the specimen was disebarged by | drop of 
0.1 N thiosulfate 

BaQ High-purit, barium oxide was not prepared 
\ll attempts to prepare this material gave relatively 
impure products originating from the attack of the 
highly corrosive barium compounds on the contain- 
ers The specimen studied Wits obtained commer- 
cially and was observed to contain small amounts of 
sulfides and colored cations \nalysis showed 98.4 
percent of BaQ. 


Strontium was prepared by firme 
Starting tempera- 


1.000 


3. Results and Discussion 


The average experimental compression data for 
each oxide are given mn table l Inaliy idual measure- 
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ments usually agreed to approximately 0.0004 
in. —AV/V> [9] but many instances of deviations of 
greater magnitude were observed. These may be 
attributed to the small quantity of specimen used, 
approximately 4 cem*, and the relatively low com- 
pressibility of the specimens. In the more incom- 
pressible oxides, tendency for compression 
values to decrease at the higher pressures Is observed 
A similar behavior is to be noted in the experi- 
mental data obtained on diamond by Adams [10], 
but the cause of this behavior is not known. It 
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is probably to be attributed to experimenta 


CTTOrs 
inherent in measuring such small compressions 


Compressibilities were not determined f; 
average data of table 1, but were 
averaging the compressibilities, obtained fre 
measurement To each set of experimenta lata 4 
linear equation of the form AV/Vo=a+h (P 
2,000) was assumed to apply, and the value of } 
was determined by the method of least 
A simple linear equation with no curvature term 

data within the 
Individua Values 
were averaged = fi eacl 


m th 
obtained by 


l each 


jUares 
was considered to represent the 
precision of the measurements 
of 6, the compressibility 
oxide, and these results are shown in table 2 tovethe 
with their standard deviations 


The only values in table 2. previously measure 
are those for MgO and CaQ. Bridgman’s value for 
single crvstal MgO [2] is 0.59 10°" kg em? whiel 
agrees reasonably well with the value in table 2 
However, his value of 4.57% 10°° kg em? for 
pacted powdered CaO [2] is many times larger thar 
that given in table 2.) Madelung and Fuchs 
reported 0.71 10°° megabar for MgO which 
somewhat larger than found here. In general, it 
may be concluded that the low) compressibilities 
shown in table 2 are what might be expected fo 
these hight, refractory oxides The low 
ibilitv of BeO is worthy of note. This low value is 
in concordance with the hardness of BeO as tabu- 
lated by Norton [11]. The compressibility of BeO 
is only slightly greater than diamond [10] and less 
than that of sapphire [12]. 

Maver and Maltbie [4] in their discussion of th 
lattice energies of the alkaline earth oxides an 
sulfides concluded that the only available compress 
ibilitv data for the oxides at that time [3] produces 
a repulsive exponent, p, which was somewhat to 
high. Accordingly thes used oasvalue ol 
op 0.345 107° em, which had been found by Bor 
and Maver [5] as the average value for the alkal 
halides. Born and Maver, using an exponentia 
repulsion term, deduced the following relationshy 
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the distances of the next 


neighbors, Cc 


ratio of 
nearest 


is the 


where 
nearest (0 the 
in the repulsion potential defined by the 


constal 
equa llo 
27 27 

and ¢ | - : 


=i h : \ 


and Z, are the 


and hegative 


where 
poOsitryv' 


and V 


LOnS 


number if electrons in the exterior shells of positive 
and negative tons respectively, 17’ the number of 
nearest ivhbors and AJ the number of next hearest 
neigh bo is the lattice separation of the tons, 
is the difference in tonie radii (7 / and 7 and 
sare a ned by the equations 
», AQ =i) 2 
dy VB\OT/, 
tre 


PAG QV Tl; 0p 
dy T val! 3 (a7), 


Tr jov Op 27 joV 
te (or), (ap)4 v (57), t ‘ 


’ 


In eq (2) and (3), in addition to the customary 
terms, .1( is the coulomb attractive potential 
energy, .V is Avogadro’s number, 8 is the compress- 
ibilitv, and ‘is the molar volume. For thes 
oxides 18(08/07), and 1/\V(OV/O7)>p are all very 
small, and the last three terms in the bracket of eq 
3) are neglected in comparison with unity. Using 
known values for the Madelung constant in_A(r,), the 
values of 8B in table 2, and available values for the 
expansivities [13,14], 7 ean be calculated 
These values were substituted in eq (1), which was 
solved graphically to give the values for p shown in 


and 0 


table 3. In solving eq (1), the ionie radu of Pauling 
15] were used together with NBS values for the 


quantity 7, [16,17] for all oxides except BaQO, for 


which data of Wykoff were taken [18]. 


PABLE 3 Values of the repulsive exponent p 
‘> 
Mego 0.42 
Cad $7 
sro $347 
Bad ,| 
AN 121 


Except for the value for SrO, the data for p in 
table 3 deviate considerably from the 0.345 107° 
em assumed by Maver and Maltbie [4]. However, 
the total repulsion energy of the crystals is rather 
small [4], and recalculation with the present data is 
not expected to change the data of Maver and 
Maltbie [4] in any material manner 
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and ¢ are 


electronic charges on the 


and N the 


Examination of the compressibilities of 
reveals an unexpected anomaly 
CaQ or SrO It is anticipated that with increase 
atomic volume of cation, the compressibility should 
increase provided the anion remains constant anc 
the cry stals are isomorphic Although the standard 
deviations of table 2 preclude an unequivocal cor 
clusion that SrO is less compressible than CaQ, it is 
certain that some irregularity in behavior exists 
This irregularity is probably associated with an u 
expectedly low density for CaO [16] compared with 
that of the other oxides [16,17 Bridgman’s earlie 
data on the sulfides [2] are also indicative of 
nonuniformity in) behavior, while Madelung 
Fuch’s [3] data on the compressibility of the isomo1 
phic sulfates of calcium, strontium, and barium also 
show a minimum compressibility with 
strontium sulfate. 

That an anomaly exists is shown by the fact that 
a similar minimum in density occurs at calcium 
throughout the isomorphic series of oxides, sulfides, 
selenides, and tellurides of the alkaline earths 
That this behavior is in manner 
with the position of calcium in the periodic system 
is indicated by the fact that a similar minimum den- 
sity occurs for all alkaline earth sulfides, all alkali 
chlorides and all potassium halides. The sulfide, 
chloride, caletum, and potassium ions are all iso- 
electronic The very high compressibility of potas- 
sium metal has been attributed by Bridgman [19] to 
an unusually open electronic structure. Presumably 
a similar explanation is to be sought for the ton 
itself and the other ions of an isoelectronic nature 


table 2 
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‘Improved Synthesis of Sodium D-Glucuronate-6-C“ 
and of D-Glucose-6-C“ 


R. Schaffer and H. S. Isbell 


A process is reported for the synthesis of barium 1|,2-O-isopropylidene-p-glucofururonate- 
6-C™ in 55 pereent vield from 1,2-O-isopropylidene-p-ry/o-dialdopentofuranose and sodium 


. The 


evanide-( 


chemical vield and to p-glucose-6-C™ in 84 percent vield 
cu 


of p-glucos¢ -§-C'l4 based on the sodium evanide 


prior yields of approximately 15 percent 


1. Introduction 


C'abeled) glucuronic acid) and p-glucose-6-C" 
are in demand for biological and medical research but 
have not been generally available for lack of efficient 
methods of synthesis. Most of the material hereto- 
fore available was made by a procedure originated 
by Sowden 11 | ' The procedure begins with 1 2-()- 
isopropylidene-p-glucose and includes the interme- 
diate) production of a solution containing 1,2-0- 
isopropy lidene-p-ry/o-dialdopentofuranose, reaction 
of this solution with sodium evanide-C™, separation 
of 1,2-0-isopropvlidene-p-glucofururonic acid, lacto- 


nization of the acid, and reduction of the lactone with 


either sodium borohydride or lithium aluminum 
hvdride [2 

The method was modified by Shafizadeh and 
Wolfrom [3]. They avoided isolation of  1,2-0- 


isopropvlidene-p-glucofururonic acid) by lactonizing 
the acid mixture and separating the epimeric lactones 
by chromatography on clay By use of this tech- 
nique and a bicarbonate buffer in the evanohydrin 
reaétion they obtained crystalline 1,2-O0-isopropyl- 
idene-p-glucofururano-y-lactone in 15.5 percent vield 
and 1,2-0-isopropvlidene-p-idurono-y-lactone in’ 16 
percent vield, based on the amount of evanide used 
The modification is a marked improvement over the 
original Sowden method which gave a 12.5 percent 
vield of only the ghicuronic epimer, but it is scarcely 
suitable for the commercial production of p-glucose- 
§-C" It is therefore of interest to report a proce- 
dure developed at the National Bureau of Standards 
as part of a general program on the production of 
position-labeled sugars |4 The procedure has been 
used for the preparation of p-glucose-6-C'™ which has 
been supplied to numerous research groups in this 


country and abroad 


2. Discussion of the Process 


Until recently the starting material for the svn- 


thesis, 1,2-0-isopropyvlidene-b-ry/o-dialdopentofuran- 


The’ poeaperr 


19] 


salt was converted to sodium p-glucuronate-6-C™ in 92 percent radio- 


The over-all radiochemical yield 
used was 45 percent in comparison with 


ose, Was known only asasirup. It was first prepared 
by Iwadare from 1,2-0-isopropylidene-p-gluco- 
furanose by oxidation with lead tetraacetate. Later, 
oxidation with sodium metaperiodate was emploved 
6} and the sirupy product was used for the synthesis 
of H-nitro-6-deoxvhexoses [7] and p-xvlose-1-C"™ [6] 
as well as for p-glucose-6-C". The sirupy product 
is not satisfactory for the svnthesis of labeled sugars 
because it contains formaldehyde derived from the 
glycol oxidation. The formaldehyde may be com 
bined with the sugar; in any case, it adheres tena- 
ciously to the product, In the present investigation 
the last trace of formaldehyde was removed by 
crystallization of the product from water. 

Crystalline 1,2-O0-isopropylidene-p-ry/o-dialdo- 
pentofuranose has been extensively studied and used 
at the National Bureau of Standards since 1952 
The product that crystallizes from water contains | 
mole of water for 4 moles of the aldehyde. The 
molecular weight determined from freezing point 
depressions indicates that the product is a dimer. 
By dissolution of the hydrate in benzene and sub- 
sequent crystallization, an anhydrous product was 
obtained. This substance appears to be the same as 
a crystalline product recently reported by Brocea 
and Dansi |S}. Both the hydrate and the anhydrous 
product are suitable raw materials for the present 
process. Use of a crystalline compound rather than 
a crude sirup for starting the process eliminates loss 
of labeled evanide by reaction with impurities and 
vreatly simplifies the synthesis. 

In prior work on the labeled-sugar program it was 
found that the proportions of the epimers formed in 
the cvanohydrin reaction can be altered by use of 
suitable buffers |9|. To ascertain conditions for the 


(5 


optimum vield of glucuronic acid, a number of 
evanohydrin reactions were conducted with the 
xvlose derivative, in which several buffers and 
C-labeled evanide were used, The conditions 


emploved in these reactions (table 1) were developed 
in experiments with nonradioactive materials in 
which the reaction times for complete addition of 
evanide and the conditions for hydrolysis of the 
evanohydrins were studied. In the work with 
labeled evanide the vield of glucuronic acid) was 
determined by an isotope dilution technique The 
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results revealed that in the slightls acid solution of 
mixture IV the reaction is slow but the vield of 
glucuronic epimer ts high, and that with an increase 
in alkalinity the vield decreases 

Under conditions ordinarily used for hydrolyzing 
nitriles in the ceyanohydrin synthesis, the reaction 
mixture from the 5-aldo-xvlose derivative turns dark 
brown and there is much decomposition. To avoid 
this complication it was found advantageous to 
start the hydrolysis at a relatively low temperature 
(70° C and at a relatively low alkalinity After 
partial hydrolysis, the alkalinity Wiis increased by 
the addition of sodium carbonate and the tempera- 
ture was raised to 100° CC. It was also found that 
reaction mixtures containing sodium sulfite gave 
lighter colored solutions in the hydrolysis step than 
others. In the procedure finally developed, sodium 
sulfite is added prior to heating at 70° C and sodium 
carbonate prior to heating at 100°C The course of 
the hydrolysis was followed by titration of the 
ammonia liberated, or qualitatively by use of moist 
pH test paper. 

To provide a means for separating the epimeric 
acids formed in the hvdroly zate, the salts of 1,2-0- 
isopropylidene-p-glucuronic acid were studied The 
previously known barium salt [10] and a new lithium 
salt were found to crystallize well and to be suitable 
for isolating 1,2-0-isopropylidene-p-glucuronic acid 
from the reaction mixture. The barium salt seems 
the more useful, but both salts vave clear-cut separa- 
tions since the corresponding salts of iduronic acid 
do not crystallize 

In the procedure recommended for the production 
of labeled glucuronic acid, the cold hydrolyzate is 





passed through a column containing a Cation ey. 
change resin, and the effluent is neutralized inimed). 
ately with barium hydroxide. An insoluble residye 
is separated by filtration and the aqueous fill rate 
concentrated to crystallization of barium 12.7. 
isopropylidene-p-glucuronate. Separation of a pure 
crystalline salt of 1,2-O-isopropylidene-p-glucuronie 
acid makes isolation of crystalline 1,2-O-isopropyli- 
dene-p-glucuronic acid unnecessary, thus elim nating 
loss of product that would be caused by partial 
hvdrolysis of the isopropylidene groups. 

For the production of p-glucese-6-C™ the crystal. 
line salt is converted to the acid by use of an ion- 
exchange resin. The solution containing the acid js 
lyophilized and the dry residue is lactonized by 
heating with toluene according to the method of 
Sowden [1]. Under these conditions there is little 
loss due to hydrolysis of the isopropylidene sroup 
The lactonized isopropylidene derivative is reduced 
without isolation of the pure lactone with either 
sodium borohydride or with lithium aluminum 
hvdride by the method of Roseman [2]. The iso- 
propylidene-p-glucose-6-C thus obtained is cop- 
verted to p-glucose-6-C"™ by hvdrolysis and the sugar 
is separated by crystallization in the usual manner 

For the production of glucuronates, or p-glucurone, 
the salt of = 1,2-0-isopropylidene-p-glucuronic-6-C" 
acid is heated with a sulfonic acid ion-exchange resin 
This converts the salt to the acid and hydrolyzes the 
isopropylidene group. Sodium, potassium, and other 
salts of glucuronic acid are then obtained by neutral- 
ization of the acid with the corresponding base. 
followed by erystallization. The lactone  (p-glu- 
curone-6-C is obtained by lvophilization of the 
aqueous acid, dissolution of the residue in Methyl 
Cellosolve (ethylene glycol monomethyl ether), and 
crystallization 


Is 


3. Experimental 


3.1. 1,2-O-Isopropylidene-D-xy /o-dialdopentofuranose 


A stirred solution of 50 g of sodium metaperiodate 
and 400 ml of water in a I-liter flask, surrounded by 
anice bath, was treated during 30 min with 50 g of 
| .2-0-isopropylidene-p-glucofuranose, added in small 
portions. After stirring an additional 20 min, the 
excess periodate was decomposed by the addition of 
ethylene glycol. The solution was concentrated by 
freeze drying and the residue was extracted with 
four 100-ml volumes of chloroform. The extracts 
were combined, clarified by filtration through carbon 
and concentrated under reduced pressure to a heavy 
sirup. By dissolution of the sirup in 100 ml of water 
and reconcentration under vacuum, the chloroform 
was removed. The concentrate was dissolved in 50 
ml of water, filtered, and stored in the refrigerator 
for several weeks. The crystals that formed were 
separated, washed with water, and then recrystal- 
lized from water to give 29.9 ¢ of 1,2-O-isopropyli- 
dene-p-rylo-dialdopentofuranose hydrate. Additional 
hydrate crystallized after lyophilization of the mother 
liquors and dissolution of the residue in an equal 
weight of water. 
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culated for CH 0 H.O: C, 49.9: H, 6.5. 


Anal. C 
Found: C, 50.1: H, 6.6. 

The hydrate, which crystallizes from water as large 

ad a molecular weicht of 262 in formamide 


prisms, 1's ; F : 

and ol 3 im acetic acid as determined by the 
Beckman freezing-point method; these values cor- 
respond with the caleulated value 257 for a dimer 


with one-half molecule of water of hydration. The 
product melted at IS0° to 184° C when heated 
Jowly from room temperature to the melting point. 
Immersion of a sample in a capillary tube into a 
hath whose temperature exceeds 145° C resulted in 
rapid melting with evolution of The melt 
solidified and remelted below 184° C. The hydrate 
gave |a of 25.6° at equilibrium in water. 

By dissolving the hydrate in boiling benzene and 
cooling, needlelike crystals of anhydrous 1,2-0-iso- 
propylidene-p-ry/o-dialdopentofuranose were 
tained. The crystals were separated, washed with 
a mixture of benzene and petroleum ether, and dried. 


ir 
gas 


ob- 


Anal. Caleulated for CQH,.O;: C, 51.1: H, 6.4 
Found: C, 51.1: H,. 6.4. 
The anhydrous compound melted at 182° to 184° C, 
and in water solution at equilibrium [a]? 25.9 


The substance had a molecular weight of 390 in 
acetic acid as determined by the Beckman freezing- 
point method. The calculated value for the dimer 
Brocea and Dansi |S] report a similar product 
177° C and fal} 


is 376 
with a melting point of 175° to 
of —26.6° at equilibrium 


3.2. Lithium 1,2-O-Iscpropylidene- D-glucofururonate 


To 5 ml of a stirred cold aqueous solution contain- 
ing 1.08 g of 1.2-O0-isopropylidene-p-glucurone was 
added 0.21 g¢ of LIOH.HLO. The solution became 
vellow and in a few moments crystals of the lithium 
salt appeared After stirring for 10 min, 20 ml of 
ethanol was added dropwise during the next half 
hour. ‘The slightly vellow crystals were separated, 
washed with SO percent ethanol, and dried. They 
weighed 0.93 g. The product was dissolved in water, 
the solution was filtered through a bed of decoloriz- 
ing carbon, and crystallization was induced by the 
gradual addition of ethanol. The crystals obtained 
were short colorless needles which did not melt below 


240°C. lal 3.8° (c, 3: HO 
Anal. Caleulated for LiC,H,O;: Li, 2.9: ¢ 15.0; 
H. 5 : 
Found: Li, 2.9: C, 45.2: H, 5.6 


3.3. Yields of 1,2-0-Isopropylidene-p-glucuronate 
Salts from _ 1,2-(-Isopropylidene-p-ry/o0-dialdo- 
pentofuranose and C''-labeled Cyanide 
The compositions of the reaction mixtures are 

given in part 1 of table 1, and a summary of the 

conditions employed and the data from which the 
vields were ealeulated is given in part 2. The re- 


actants of each mixture were combined as solutions 
and stored in stoppered containers at the indicated 
temperatures. At the end of the time allowed for 
completion of the addition reaction, mixtures II 
and III were warmed to 70° C, and mixture LV, after 
addition of sodium sulfite, was also heated to 70° C 


Mixtures II, II], and IV were then treated with 
sodium carbonate and all four reaction mixtures 
heated in a boiling water bath to complete the 


hvdrolysis of the cyanohydrins. Nonradioactive 
lithium = 1.2-O0-isopropylidene-p-glucuronate — was 
added to I, If, and II] as carrier; the corresponding 
barium salt to IV. After cooling in ice water each 
solution was passed through a column containing 


5 ml of Amberlite 1R-120H resin’ The effluents 
of I. If, and IIL were neutralized with lithium 
hydroxide. Barium hydroxide was used for I\ 


and the insoluble matter removed. The neutralized 
effluents were concentrated under vacuum until the 
onset of crystallization, warmed to redissolve any 
material that had separated, and then passed through 
a filter coated with decolorizing carbon. The fil- 
trates were concentrated under an air stream, seeded 
with the appropriate isopropylidene-glucuronate salt, 
and, as the erystahizations proceeded, treated with 
small amounts of methanol. The products were 
washed with aqueous methanol and then reerystal- 
lized) from water and methanol. The specific 
activities of the isolated salts are given in table 1 
together with the calculated vields for each reaction 
mixture. 


3.4. Barium 1,2-()-Isopropylidene-p-glucuronate- 


6-C' 


A solution of 5.0 mM of sodium cyanide contain- 
ing 12.5 me of C™ and 5 mM of sodium hydroxide 
in 25 ml of water was frozen on the side of a 200-ml 
flask. Twenty-five ml of an aqueous solution con- 
taining 1.11 g. of 1,2-O0-isopropylidene-p-rylo-dial- 
dopentofuranose was introduced and frozen in the 
flask. Finally 20 ml of 1.0 N acetie acid was added 
and the flask was securely stoppered and swirled 
until its contents were completely melted. After 
25 days at room temperature the flask was opened, 
0.252 g of NasSOs was added, and the slightly vellow 
solution was heated at 70° C for 2 hr. After the 
addition of 1.06 ¢ of NasCOs the solution was re- 
fluxed for 2 hr, next cooled in an ice bath, and then 
passed through a column containing 50 ml of cation 
exchange resin (Amberlite 1R-120H) at ice tempera- 
ture. The effluent, including washings, was deliv- 
ered into a flask surrounded by ice, containing 7.88 
g¢ of Ba(OH)..SH.O. A stream of gaseous carbon 
dioxide was next passed into the effluent until the 
solution was neutral and the insoluble material was 
separated by filtration. 

Concentration of the filtrate under reduced pres- 
sure to about 60 ml resulted in the separation of an 
additional amount of precipitate. Refiltration 
yielded a solution which contained according to a 
radioassay 11.76 me of C™. A few seed crystals of 

Amberlite 1R-120-H, Resinous Products Division of Rohm & Haas Co., 
Philadelphia, Pa 
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barium 1|,2-0-isopropylidene-p-glucuronate [10] were 
added and the solution was then concentrated under 
a gentle stream of air. Large colorless crystals of 
labeled barium salt formed during the evaporation 
They were separated from the mother liquor and 
washed several times with water and 50 percent meth- 
Dissolution of the crystalline product in water, 
removal of a small amount of insoluble residue, and 
recrystallization vielded 0.690 g of barium 1,2-0- 
isopropvlidene-p-glucuronate-6-C' monohydrate con- 
taining 5.6 me of radivactivity. Three 500-mg_por- 
tions of nonradioactive barium salt used as carrier 
resulted in the isolation of 0.86 me, 0.22 me, and 0.07 


anol 


me of additional salt. The radiochemical vield 
6.75 me) amounted to 54 percent based on the 
NaC'™N used. The mother liquor (5.0 me) was set 


separation of 1,2-O0-isopropylidene-p-idu- 


‘‘epimer. 


aside for 
ronate-6-( 


3.5. Preparation of 1,2-O-Isopropylidene-D-glucur- 
onolactone-6-C'' From Barium _1,2-O-Isopropy- 
lidene-D-glucuronate-6-C'' 


ice-cold solution of 
1.184 g of barium 1,2-0-isopropylidene-p-glucuro- 
nate-6-C'™ monohydrate containing 6.5 me of C" 
was passed through a column containing 9 ml of ice- 
cold Amberlite 1R-120H. The effluent and wash- 
ings were frozen and lyophilized. A volume of 100 
ml of toluene was added to the sirup which remained 
after the lyophilization. The mixture was heated 
under a reflux condenser for 4 hr. Removal of the 
toluene by evaporation under a gentle stream of 
air left large erystals of 1,2-O0-isopropylidene-p- 
glucurone-6-C™ mixed with some brown residue 


seventy ml of an aqueous 


3.6. Preparation of D-Glucose-6-C'' From 1,2-O 
Isopropylidene-D-glucuronolactone-6-C '' 


The crude 1,2-0-isopropylidene-p-glucurone-6-C"' 
described in the preceding paragraph was dissolved 
in approximately 70 ml of anhydrous diethyl ether 
and then added at a dropwise rate from a pressure- 
equalized dropping funnel to a flask containing 13.2 
mM of lithium aluminum hydride in 30 ml of diethy! 


ether. The solution was stirred continuously with a 
magnetic stirrer. The residual labeled material was 
rinsed into the reduction flask with ether and the 


reaction mixture was refluxed for 30 min. Then 25 
ml of anhydrous ethanol was added dropwise to the 
stirred reaction mixture, followed by 6 ml of glacial 
acetic acid and 130 ml of water The supernatant 
ether was volatilized by a current of air. The 
resulting aqueous solution was passed into a column 
containing 100 ml of cation exchange resin (Amberlite 
IR-120H The effluent including wash liquor was 
concentrated at reduced pressure, 10 mM of aqueous 
sulfurie acid added, and the volume adjusted to 200 
ml. The solution was heated for 2 hr in a boiling 
water bath, and, after cooling to room temperature 
Was passed into a column containing, 40 ml of anion 


exchange resin.’ The radioactive solution was 
washed from the resin, concentrated to about 50 m! 
iD t \ 1 ( ‘ Proc ( Red ‘ ("jt ( 
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filtered through a bed of decolorizing carbon anp 
lvophilized. The residue was dissolved in th, 
minimum quantity of methanol and the solution we 
filtered. Crystalline p-glucose-6-C™ was obtained 
after addition of ‘ 2-propanol to the point of incipient 
turbidity. Reerystallization vielded 485 mg of 
D- glucose-6-C" with a specific radioactivity of 99 
uc /me. By the use of 2.0 g of carrier, an additional 
993 we of the labeled was obtained Th 
chemical vield from the barium salt to the sugar wag 
69 percent; the radiochemical vield was 84 percep 
The ove r-all radiochemical viel 1 based on th sodium 
evanide-C™ used was 45 percent 


r| 
glucose 


3.7. Preparation of Sodium D-Glucuronate-6.¢ 
Monohydrate From Barium 1,2-O-Isopropylidene. 
D-Glucuronate-6-C" 


Ina 100-ml flask equipped with a megnetic stir 
an electric heater, and a reflux conde ser, 896 rg 
of barium 1,2-0-isopropvlidene-p-glucuronate (59 


uc), 10 ml of Amberlite 1R-120H, and 40° ml of 
water were combined and heated to boiling for 5 
min. The mixture was cooled, filtered through 
small bed of resin, and washed The filtrate Was 
neutralized with sodium hvdroxide, concentrates 
under reduced pressure, treated with decolorizing 


carbon, and then filtered. The concentrated filtrar 
was diluted with ea few drops of ethanol, and seede 
with erystals of sodium p-glucuronate monohydrat 
{11}. The resulting ervstals were separated from th 
mother liquor and weshed with aqueous ethanol 
Reerystallization from aqueous ethanol yielded 59 
mg of the monohvdrate with a total radioactivity 
of 509 pe By use of nonradioactive carrier a 
additional 34 ue of sodium p-glucuronate-6-C"™ was 
obtained from the mother liquor The radiochem- 
ical vield was 92 percent 


3.8. Preparation of D-Glucurone-6-C'' From Barium 
1 ,2-O-Isopropylidene-D-Glucuronate-6-C'' 


A solution of 927 mg of barium 1,2-O-isopropyli- 
dene-p-glucuronate-6-C'™ (165 we) in 50 mi of water 
end 10 ml of Amberlite 1R-120H resin, was treate 
as described for the preparation of 
glucuronate-6-C After separation from the 
the solution was concentrated at reduced 
through a filter with 
and then freeze-dried The 

Methyl Cellosolve, and the solution was 
seeded with nonradioactive p-glucurone. Reerys 
tellization gave 438 mg of p-glucurone-6-C' with : 
total rediowctivity of 133.5 ye 13\ use of carrier al 
additional 19.3 ve of labeled glucurone wes obtained 
The radiochemicel vield was 5 pereent 


sodium D- 
resil 
pressure 
decolorizing 
residue Wis 


passed coated 
carbon, 


clissoly ed 





4. Radioactivity Measurements 
Determinations of C' were made upon samples 
dissolved in forumamide or in aqueous mixtures [12). 5 
The radioactivities of the solutions were me: 
with » proportional beta counter 


mured 


Nuclear Measurements Corporation, Ind I Model P¢ 


Pe 
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Ideal Gas Thermodynamic Functions of the 
Isotopic Hydrogen Cyanides 


Joe C. Bradley, Lester Haar, 


The ideal gas thermodvnamie functions fo! 
The recent spectroscopic data for HCN and DCN by Allen [1] 


from molecular data. 
Douglas and Sharma [2] were employed 
normal coordinate treatment 


- and Abraham S. Friedman 


HCN, DCN, and TCN 


were calculated 
and 


The zero frequencies of TCN were obtained by a 
The partition functions are obtained in closed form. The 
calculations include high-temperature corrections for vibrational anharmonicity, 


rotation- 


vibration coupling, centrifugal stretching, and azimuthal quantum effects, and low-tempera- 


ture corrections for nonclassical rotation 
the Standards Electronic 

F BE RT, and S°/R 
to 5.000° K 


have 


1. Introduction 


The procedure developed in earlier papers [3,4,5] 
for high-speed machine computation of the thermo- 
dvnamie functions of molecules in the ideal 
state was used. The partition function is written 
in a factored form to include corrections for vibra- 
tional anharmonicity, rotation-vibration coupling, 
entrifugal stretching, nonclassical rotation, 
azimuthal quantum effects. The expression for 
the factored internal partition function ts 


eine] IL 
a ( +" ° | )|Lz (+f et tat Ta | 


p 2D he B?, 


gas 


and 


wher ? 
. 
A, ~ (he B, ke 0. 15 (Ach, hk)? 
and 
d(dj+-8,)) Xi (he/kT) 
(¢ 1 )(¢ 1) 


X'=—X,+4/3. 


In these expressions the 6, represent rotation- 
vibration coupling constants, the .Y,, are the anhar- 
monic constants, Joo IS an anharmonic constant 
for the doubly degenerate vibration, Ws, and 6,;,; 1s 
the kronecker delta Pennington and Kobe’s meth- 
od [6] of ineluding the g term in the partition 


function was used. The other svmbols and con- 
stants have their usual meaning (see ¢. g., (3]). 
Tr} vork was supported in part by the U. 8. Atomie Energy Commission 
Present address: Johns Hopkins University Applied Physics Laboratory 
I brackets indicate the literature references at the end of this paper 


The statistical calculations were performed on 
Automatic Computer 1 
been calculated at 


SEAC Tables of Cl/R, CH Ey) / RT, 


small temperature intervals from 50 
2. Molecular Data 
The vibrational data for HCN and DCN were 


recently obtained by Allen [1]. The rotational data 
for HCN and DCN were investigated by Douglas 
and Sharma [2]. The anharmonicity and rotation- 
vibration coupling constants were calculated for 
TCN using the isotope relations [3], 


t¢ (20: )X, 


where the primed quantities refer to the molecule 
whose .\,, or 6, is to be calculated, and the unprimed 
quantities refer to the reference molecule. The 
AX,, and 6, for TCN were calculated using HCN and 
DCN as reference molecules; the averages of these 
calculations were used in the tabulated results 
except for the constant .Y,. in which case DCN was 
used as a reference molecule. Approximating 


and 6, 


Z he - - he y 
d(d,4-6;,) IT XN ddd tT 0;4;) ET A 
i£#,= by / 
- (e" 1 fe" 1) . ix (e%k 1) 


where uj—uyu changes the correction factor tos 
by 20 percent and the free energy by 1 part in 36,000 
at 5,000°K. This effect is much less in the case of 
f\, and fi. (see [3]). The zero-order frequencies for 
TCN were obtained by a normal coordinate treat- 
ment. 

The chemical atomic weights used in the calceula- 
tions of the translational partition functions were 
obtained from the values listed by Wichers [7]. The 
isotopic mass used in the zero-point frequency and 
equilibrium moment of inertia calculation are listed 
by Mattauch and Fluegge [8]. The constants used 
are given in table 1. 
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| ABLE | Vo ecular constants 
Unit HCN DCN rcn 
! 2100), 24 12;.2 23. 4H 
ll. Ww WY 4 $t 
$1 3 "2. 33 2446. ¢ 
ri O45 7.10 a 
2 0 > 14 
2») wD. 23 22 72 
2. v0 2.i3 1. 43 
14.44 $2. SA Is. 00 
- 14 15.7 11. 48 
} ensionless + na 200 1 i 
limensionless Oo MES ) OOSISN 0 OO44 
limensionless mrs OOS Oo24 
limensionless WT27 OORS4 (Mee 
th s SH 23 003 7 024 
kK 7122 0. 5812 4687 
iN td 7 $42 
kK T “4 "0 Ss 


3. Thermal Functions 








The heat capacity, enthalpy, free energy, and 
entropy of HCN, DCN, and TCN are listed in tables 
2, 3, and 4. The thermal functions are tabulated 
in dimensionless units at small intervals ranging 
from 50° to 5,000° K These tables also include the 
first differences for the tabulated thermodynamic 
functions 

The uncertainty in the calculated 
anharmonicity and rotation-vibration coupling con- 
stants is approximately 25 percent except in_ the 
of the anharmonic constant .\,. for TCN in 
which case the sign of the constant cannot be satis- 
factorily predicted. The uncertainty in the vibra- 
tional and rotational fundamentals ts less than 1 per- 
cent assuming negligible uncertainty in the caleu- 
lated Zero vibrational frequencies \t tem- 
peratures below 1,000° Ko this will result in an un- 
certainty in the third place to the right of the decimal 
for the tabulated properties of these 
The thermal functions are tabulated 
figures to permit intercomparison among the several 


vibrational 


cuse 


point 


substances 
with more 
isotopic modifications 

The contribution of the excited electronic 
significant only at the highest temperatures, have 
been neglected. The entropy contribution of 
topic spin and the entropy of isotopic mixing have 
been omitted 

Stamm, Halverson, and Whalen [9] 
older tables of free energy for HCN 
corrections for vibrational anharmonicity, rotation- 
vibration coupling, centrifugal stretching, and =a 
low-temperature correction. The reported 
here are in excellent agreement with those of Stamm 
et al 


Stutes, 


Iso- 


have revised 
which include 


results 
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Surge Voltage Breakdown of Air ina 
Nonuniform Field 
J. H. Park and H. N. Cones 


The discharge and breakdown phenomena in air when a surge voltage is applied to 


sphere-plane electrodes were investigated. A steeply rising surge of 145 kilovolts peak 
value was applied to the plane placed 86 centimeters above the laboratory floor. <A 1.6- 
centimeter diameter sphere, mounted an adjustable distance below the plane, was connected 
to ground through the surge impedance of a coaxial cable. Experimental data consisted 
of oscillograms of the current to the sphere and pictures of the discharge between the elee- 
trodes A method for chopping the applied voltage surge at an accurately controllable 


time was used to study the discharge at gap spacings for which a full-wave applied surge 
would cause breakdown 

Complete breakdown did not occur for gap spacings greater than 28 centimeters, 
sphere positive, or 20 centimeters, sphere negative. But at gap spacings up to 56 centi- 
mneters, sphere positive, and 46 centimeters, sphere negative, discharge streamers (corona) 
did develop from the sphere and they were accompanied by short pulses of current to the 
sphere At gap spacings near those giving breakdown, these initial streamers span the gap 
without vielding breakdown. Measured speeds of formation of these initial streamers 
were found to be 500 centimeters per microsecond for the sphere negative and 800 centi- 
meters per microsecond for the sphere positive. 

For shorter gap spacings the discharge leading to breadown is illustrated by the data 


obtained with the applied voltage chopped Bright conducting channels develop between 
the sphere and plane At the same time the current to the sphere starts to rise again 
fairly slowly at first and then at an increasing rate up to breakdown The mechanism 
leading to breakdown is not the same for the sphere negative as for the sphere positive, and 
it is different for very short gaps which correspond to high overvoltage An attempt is 
made to explain how the initial streamers form and how the channels leading to breakdown 
ce Ve lop 
l. Introduction field. At the higher voltages almost all of these 


data have been obtained with sphere gaps because 

Electrical breakdown in air has been extensively | such gaps are used as primary reference standards 
studied by a large number of investigators and the | in the field of high voltage measurements. For the 
many papers and books already published on this | design of high voltage electrical equipment and in 


subject have contributed greatly toward an under- | the development of methods for measuring steeply 
standing of the mechanism of breakdown. The | rising voltage surges, a knowledge of just how 
parameters most likely to affect breakdown mecha- | breakdown occurs when a voltage is suddenly ap- 
ism are (1) gas pressure, (2) size, shape, and sepa- | plied to electrodes producing a nonuniform field is 


ration of electrodes, and (3) waveform of the applied | of primary importance. Results obtained by Norin- 
voltage. No single simple theory can be expected | der and others [9,10,11,12,13] indicate that the 
to explain breakdown of a gas under all possible | mechanism of breakdown for nonuniform field gaps 
xperimental conditions. The original Townsend | is quite different from that for uniform field gaps. 
theory with some modifications [1,2]! is well estab- | The work described in this paper was undertaken in 
lished as giving the breakdown mechanism of gases | order to gain a better understanding of the mecha- 


at pressures much below atmospheric, and in some | nism of breakdown for nonuniform fields. 
recent theoretical analvses [3,4] the Townsend theory 


s extended to include breakdown at amospheric 2. Scope of the Experimental Work 
pressures However, the streamer theory of Loeb 

and Meek [5| or some modification of it appears The present work is limited to discharge phe- 
most likely to account for the short formative time | nomena and breakdown in air, under the usual labora- 
lags experienced in uniform field breakdown at at- | tory conditions of pressure and humidity, when volt- 


mospheric pressure. Breakdown studies at high | age is suddenly applied and the electrode geometry 
irequencies appear to require an entirely different | is such that a nonuniform electric field is produced 
theory to adequately explain the results, anda theory | in the gap. The laboratory floor which has a 
that seems adequate has been proposed [6,7,8}. crounded metal grid imbedded in its surface was used 

rhe theories referred to above are based mainly | as a semi-infinite ground plane. The upper or high- 
on uniform field breakdown, largely because this has | voltage electrode consisted of a large circular plane, 
seemed the simpler case. For the same reason, most | 84 em (33 in.) in diameter, made of an aluminum 
of the experimental data already published have | alloy, placed 86.4 em (34 in.) above and parallel to 
been for gaps giving a uniform or nearly uniform | the ground plane. The ground electrode was a 
—— 1.6-cm (%s-in.) diameter sphere mounted at the end 
ckets indicate the literature references at the end of this paper | Of a conductor centered inside a 0.635-cm (‘4-in.) 
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r metal tube and insulated from it. The 
was located at an adjustable distance L 
! th the center of the high-voltage plane elec- 





A metal- 


trode as indicated schematically in figure 1. 


covered trench in the floor permitted the sphere 
mounting tube to extend into the trench through 
hole in the cover. The tube was grounded at the 


metal trench cover, and in the trench below its cover, 
the t und its center conductor were connected toa 
coaxial cable. This cable ran in the trench to a 
cathode ray oscillograph (CRO) where it was termi- 
nated by its characteristic impedance of 50 ohms. 
Thus the sphere was “in effect’? connected directly 
to ground through a 50-ohm resistance and any 
current from the sphere to the high-voltage plane 
electrode could be measured by the IR drop it pro- 
duced at the oscillograph. In addition to permitting 
an accurate measurement of prebreakdown current 
between the sphere and the plane when voltage is 
suddenly applied to the plane, this electrode arrange- 
ment? also makes it possible to compute the initial 
electric field at various distances from the sphere 
toward the plane (see the appendix for a summary of 
such computations). The voltage gradient is of 
course maximum at the surface of the sphere, allow- 
ing significant polarity effects to be studied. 

The main purpose of the present investigation was 
to obtain data indicating the mechanism of break- 
down. A study of discharge phenomena could be 
approached in two ways: (1) by holding the peak 
voltage of the applied surge constant and changing 
the gap spacing or (2) by holding the gap spacing 
constant and changing the peak voltage. Since it is 
experimentally quite troublesome to maintain the 
same time for various values of peak voltage 
method above was used. Voltage surges of fairly 
short duration and of the following wave shapes were 
applied to the gap: (1) a surge that rose to a peak 
value of 145 kv in about 0.07 uwsee (as rapidly as 
possible with the setup used) and maintained this 
peak value fairly constant, gradually decreasing to 
half value in about 100 usec (designated as 0.07 LOO, 
145-kv surge): (2) a surge similar to (1) except that 
it rose to peak value in about | designated 
1100, 145-kv surge); (3) surges similar to either 
(1) or (2) except that the voltage was chopped off at 
various times after reaching peak value (designated 
as 0.07 <¢,, 145-kv or 1 X¢,, 145-kv surge 

The sphere-plane electrode system was enclosed 
in a light-tight fiberboard box 3% by 3 by 10 ft 
10691305 em). A 35-mm camera with an f/1 
coated lens was placed inside this enclosure at a dis- 
tance of 30 in. (76 em) from the gap for taking 
photographic records of the discharge between elec- 


ibe 


rise 


BSee 


trodes. This box also previded shielding for the 
test gap against any extraneous radiation. The 
effect of an increased ion and electron density at the 
rap before applying voltage was determined by 
placing a radioactive source near the sphere elec- 
trode. 


plane electrode and grounding the 
could be measured was also 
subject rh present 

ind Meek paper was 


The ide f putting high voltage on the 
small r electredk through a resistance so that current 
used by Saxe and Meek [13] in their recent work on thi 
paper W vas comph ted but not published at the time the Saxe 
published 
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FiGuRE 1 
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showing the voltage supply and measuring circuits 
At the two points marke i“CV,” one pesitive and the other negative, 1094 
charging voltages were ntroduced C=! uf, 10O-KV cap tor Ro= 3 Oy 
ohms. Ri=2, 500 ohms R.=165 ohms, Cp) =0.003 uf capacitor. R;=500 ohm 
R 10,000 ohm Ge 0.002 uf Capacitor Rus and Rus form voltage divider 


3. Experimental Setup and Pneies 


The arrangement of the sphere-plane electrodes js 


shown schematically in figure 1. The divider for 
measuring the voltage applied to the plane is alse 
shown. The high voltage part of this divider cop. 


wire wound 
floor at about 


sists of a 1,000-ohm  noninductive 
resistor, Rus, pla ‘ed vertically to the 
2 ft from the edge of the plane electrode. Thy 
divider low side, Rys, is a specially constructed 5-ohm 
noninductive resistor, arranged to produce minimum 
inductive effects from ground currents when it js 


connected to the coaxial cable to the CRO. A high- 
voltage cold-cathode oscillograph with beam in- 
tensification [14] was used to record the voltage 


waveform and to measure peak values. By conneeting 
the CRO eable at (2) in figure 1 the same oscillograph 
was used to obtain a record of prebreakdown current 
This) arrangement of and measuring 
circuits was used throughout our experiments, | 

The eircult used for producing the surge voltage 
and for applying it to the plane-sphere gap is shown 
in figure 1 at the left. Capacitors, C., are 2 units 
from a 20-unit 2,000-kv surge voltage venerator 
They are each charged to 100 kv by the full-wave 
kenotron rectifier of the surge voltage generator, 
positive and the other negative with respect. to 
ground. By applying a tripping pulse to the middle 


electrodes 


on 


ball of the three-ball yap, the two capacitors, c. 
are connected } series to the discharge circuit. To 
obtain a full-wave voltage surge at the test gap, 


chopping gap (1) is set wide and (2) 1s shorted 
Thus the two capacitors, C, start diseharg- 
ing through R; in parallel with R, and C, in 
If gap D is shorted, the slowly rising voltage surg 
(1100, 145-ky is applied to the plane- 
sphere gap. ‘To obtain the fast-rising surge (0.07> 
100, 145-kv surge), gap D is set at 5-cm_ spacing 
This keeps the voltage off the plane-sphere gap 
during its slowly rising portion. The oscillograph 
records reproduced in figures 2 and 3 show the wave- 
form of the steeply and slowly rising voltage surges 
respectively. Details of the wave front are shown 


Ih sertes, 


series 


surge ) 


by the records obtained using a fast sweep. 
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4. Slow vil wave t B t veep showing wave 
The chopping gaps (1) and (2) together with R,, 
R,, Ry, and C) are used to chop the voltage applied 


to the plane electrode at a definite time after it is 
applied This chopping circuit is similar to one 
described by G. H. Johnson [15]. As noted from 
the values of circuit constants given in figure 1, the 
time constant R, C, is about 0.5 wsee and the time 
constant (R RC usec. Thus gap D 
fires very soon after the supply circuit is triggered 
and this puts \ oltage on the plane electrode. A 
the same time the voltage across chopping gap (2 
begins to rise, and by adjusting gap (2) it can be 
set to fire from 1 to 6 wsee after voltage is applied to 
Before chopping gap (2) fires, 
the two balls of chopping gap (1) have voltages of the 
same polarity applied to them; thus gap (1) will not 
fire. But when gap (2) fires, the full voltage applied 
to the plane will appear across gap (1) and it will 
fire, thus chopping the supply voltage 

The procedure consisted, in general, of choosing 
a particular wave shape and = polarity and then 
obtaining (1) CRO records of the sphere current 
and (2 photographs of the discharge between sphere 
and plane, for various values of gap spacing L. At 
values of L for which the full voltage wave would 
eause complete breakdown between the sphere and 
plane, 2 Series of pictures a nal ( ‘Ré ) records of cur- 
rent also taken with the applied \ oltages 
chopped at various times before complete breakdown. 

Records of light output from the prebreakdown 


Is about 5 


the plane electrode. 


were 


discharge were also obtained in some cases by using 


a photomultiplier tube and a high-speed oscilloscope 
with amplifier. The variations in light) output 
followed the same pattern as the records of current 


to the sphere, but because this scheme is much more 


subject to extraneous pickup and calibration errors, 
the current 
significant 


records are considered to be 


more 
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4. Experimental Results 


4.1. Full-Wave 145-kv Surge 


Sets of data were obtained under four different 


conditions of applied voltage: (1) steeply rising 
surge (.07 100), sphere positive, (2) slowly rising 
surge (1100), sphere positive, (3) steeply rising 


surge, sphere negative, and (4) slowly rising surge, 
sphere negative. For each condition of applied 
voltage, the test data included CRO records of the 
current to the sphere and corresponding photographs 
of the discharge, at various values of gap spacing L. 

Typical results are shown in figures 4, 5, 6, and 7. 
The first small wiggles on the current records are 
caused by capacitance current to the sphere when 
voltage is suddenly applied. They are useful 
reference points to show the exact time at which 
voltage is applied. Following the capacitance cur- 
rent wiggles there is a sudden rise in current followed 
by an approximately exponential decrease to zero, 
This will be called the ‘“‘first discharge pip” because 
it occurs only on shots causing a visible discharge 
from the sphere. It does not constitute a complete 
breakdown of the gap. The first discharge pip ts 
definitely not associated with capacitance pickup 
because on some shots it occurs when the rate of 
change of applied voltage is nearly zero as shown, for 
example, in figure 5A. 


is 


For gap spacings less than 28 em (sphere positive) 
15 em (sphere negative), complete breakdown 
between sphere and plane takes place on at least 
some of the shots. Complete breakdown is indicated 
on the current record (see figures 4F, 5E, 6F, and 
7C) by a second and roughly exponential increase in 
current to large values. This current rise follows 
the first discharge pip and will be referred to as the 


or 
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discharge When the dlis- 


charge rise reaches a value of about 40 amp, a safety 


“second ris second 


gap between the sphere and its grounded mounting 


tube flashes over, thus cutting off the voltage aup- 
plied to the CRO cable. The corresponding dis- 
charge pl otographs are not included because thes 


streak on the film Every 


snow OnLV a lara dense 

time the second = discharge rise starts, complete 
breakdown follows unless the voltage wave ts 
chopped Thus the discharge photographs shown 


the 
that 


all associated with 
should be noted 


ana ( are 


figures 4. 5. 6 
pip only lt 


inst discharge 


though the “streamers” shown in these pietures 
completely bridge the gap for spacings of 25 em 
sphere positive) and 15 em (sphere negative) they 


do not constitute complete breakdown, because 


the current becomes 100 
the 


‘first dischare pip 


hie nsured alt! oug!l voltage remains 


long r time 


low lo Ly 


high tor a mue 





1.0 2.0 3.0 
MICROSECONDS 
fand discharae pict es taken on the same shots 
plete breakdown of gap 1) 0 llogram of applied ltage 


A large amount of data similar to those illustrated 
in figures 4 to 7 was accumulated to determine the 
repeatability of results. The following quantities 
were tabulated: (1) time delay from start of voltage 
surge to first discharge pip, (2) peak current value of 
first pip, (3) percentage of flashovers or 
breakdowns for a given gap spacing, and (4) time 
delay from first discharge pip to breakdown. All 
of these quantities were found to vary from shot to 
shot andor to some extent from day to day, some 
more than others. The various factors that might 
affect repe itabilits of results W il] be considered. 


discharge 


Onee the circuit constants were properly adjusted, 
both the steeply and slowly rising voltage surges 
repeated very well in waveform from shot to shot 
and day to day sy careful control of charging 
voltage, peak values were repeated Oh successive 
the measured variations within 2 
percent Air density and humidity could not be 
controlled but records were kept of pressure, tem- 
perature, and humidity. No attempt was made to 
a correction for air density, but 


shots being 


determine Ol apply 





for all data used, the relative air density was within 
2 percent of that for standard laboratory conditions 
of 760 mm of Hg pressure and 25° C temperature. 
The relative humidity varied from 20 to 75 percent 
during the period data were being accumulated. The 
nonrepeatability of experimental results could not 
be correlated with or accounted for by the small 
variations in peak magnitude of the applied voltage 
from shot to shot or by the small changes in relative 
air density from day to day. There was an iadica- 
tion that changes in relative humidity affected some 
of the measured quantities. 

The surface condition of the spherical electrode 
and the kind of metal of which the sphere was made 


may have affected repeatability of results. Most 
of the data were obtained using a 1.6-cm diameter 
silver sphere, but data were also obtained using 
zine, copper, brass, aluminum, and magnesium 


same diameter. Originally all spheres 
were given a smooth polish and wiped with a dry 
chamois, but after even one flashover the surface 
became quite discolored and after a large number of 
flashovers the smooth surface was somewhat rough- 
ened. Experimental results did not appear to be 
affected by the condition of the surface of the sphere, 
but some of the measured quantities appeared to 
vary slightly with the kind of metal used for the 
sphere 

Another factor that would be expected to affect 
repeatability of results is the particular distribution 
of ions and electrons in the air between the electrodes 
at the instant voltage is applied. This factor should 
be of special importance when measuring the time 
delay from application of voltage to first discharge 
pip. The conditions prevailing during the experi- 
mental observations were intended to approximate 
aver laboratory conditions with each shot being 
unaffected by previous shots. However, gap 
inside a light-tight enclosure that 


spheres of the 


ive 
as the 


located 


was sO 
good pictures of the discharge could be taken, 
precautions were necessary to insure that the ion 
distribution was representative of that in free air. 
This enclosure had sliding doors ut each end. 


It was found that on the first application of voltage 
after closing these doors, a discharge pip almost 
always appeared before peak voltage was reached. 
It was observed that on succeeding applications of 
voltage with the doors left closed, either no discharge 
This can be explained 


pip occurred or it was delay ed. 
large 


during the first application of voltage, a 


percentage of the ions inside the enclosure are 
swept out of the air: because, with the doors closed. 
there little chance for new 1ons leak into the 


enclosure before the next application of voltage 30 


sec later When the doors were opened between 
shots or when a weak gamma-ray source of 1loniza- 
tion (Co™ giving 0.05 millireontgen (mr) per hour 


at a distance of 1 m) was placed inside the enclosure 
a discharge pip was always obtained. In order to 
check the effect of sweeping lons out of the air inside 
the enclosure, for 
7,000 v was applied to the 
the duration of the high-voltage pulse 
voltage effectively prevented a discharge 


one series of tests a d-c source of 
upper plane except for 
This sweep 


pip with 
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the doors closed and the weak ionizing source inside 
the enclosure. With the open the sweep 
voltage did not prevent the discharge pip, apparently 
because ions could diffuse into the space between the 
electrodes faster than they were removed. Most of 
the experimental results were obtained with the weak 
Co” source inside the enclosure, which it was thought 
would keep ion density inside about equal to that 
prevailing in the laboratory provided the 7,000 y 
was not applied. During some of the experiments 
stronger ionizing sources were used to study the effeet 
of increasing the ion density in the gap. 

A summary of the various quantities that could be 
tabulated after analvzing the data from over 1,000 
shots will now be given. As a start, characteristics 
associated with the first discharge pip will be de- 
scribed. This discharge appears at gap spacings up 
to 56 cm (sphere positive) and 46 em (sphere nega- 
tive), but at the large spacings there is no discharge 
pip on some of the shots and the time delay values 
as measured from the initial application of voltage 


doors 


are quite erratic (up to 20 usec). At gap spacing 
less than 46 em (sphere positive) and 30 em (sphere 
negative) a discharge occurs for nearly every shot, 
and although the time delay is erratic on an occa- 
sional shot it is almost always quite small—tess 
than 0.1 wsee for the steeply rising surge and. less 
than 1 usec for the slowly rising surge 


The wave shape of the first discharge pip is quite 
repeatable for the sphere positive and somewhat 
less repeatable for the sphere negative. Typical 
CRO records of this waveform taken on a fast sweep 
are shown in figure 8. In general, an average wave 
shape can be described which holds for both polar- 
ities of the sphere mig for both steeply and slowly 
peak value in about 0.008 


rises 


rising surges. It 











usec and decays essen at exponentially to half | 


value in about 0.08 psec. This pip-wave shape stays 
essentially the same for all values of gap spacing 
but its peak value increases as gap spacing is de. 


creased. 
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FIGURE 9 ( ves of peak value of first current pip plotted 
against gap spacing. 
1 sur Plot | i each the average of 10 to 100 shots 
an e Vi nes indicate the spread from minimum to maximum values 
"| po v I suse 0 I] the relative humidity was 75 percent 


The curves in figure 9 are drawn through points of 
average value of peak current at various gap spac- 
ings for the steeply rising surge. Each plotted point 
is the average of 10 to 100 shots and the spread 
fom the average is indicated by the vertical line 
through each point. For the sphere positive the 
points fall quite nicely on a smooth curve, but the 
spread in values for each point is fairly large—no 
effect was detected due changes in relative 
humidity or the kind of metal used for the sphere. 
For the sphere negative the spread in values for 
each point is extremely large, making it difficult 
to draw definite conclusions; but with the relative 
humidit, above 70 percent, better repeatability and 
lower values of average current were obtained. Also 
it was found that zine or brass spheres gave some- 
what higher currents than silver, copper, or mag- 
nesium spheres. 

Results using the slowly rising are not 
plotted in figure 9. The actual values varied from 
|! to 8 amp and could not be correlated with gap 
spacing. The lower values obtained with slowly 
nsing surges can be accounted for by the facet 
that the first discharge pip usually starts on the 
nsing front of the surge, frequently at less than half 
peak value. An analysis of a large number of 
records obtained with slowly rising surges indicated 
that the peak current was approximately proportional 


to 


surge 


to the actual value of voltage at the instant the 
discharge started. Even for the steeply rising 


surges it is possible that on some shots the discharge 
started on the rising front of the voltage, thus 
partially accounting for the spread in values obtained 
Examination of a large number 
of pictures of the discharge, such as those shown in 
figures 4, 5, 6, and 7, indicates a different pattern of 
tree-like streamers on each shot but in general the 


on successive shot s. 
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length of these streamers increases in proportion to 
the peak discharge current. These prebreakdown 
streamers completely bridge the gap for spacings at 
which breakdown is likely. 

For gap spacings less than 28 em (sphere positive) 
or 20 cm (sphere negative), complete breakdown 
occurs for at least some shots and there is a time 
delay from the first discharge pip to breakdown as 
indicated in figures tf, 5K, 6F, and 7C. A large 
number of shots at gap spacings giving breakdown 
were taken using silver, zinc, and copper spheres. 
The kind of metal used for the sphere and its surface 
condition may have had an effect ,but because of the 
statistical nature of the results this effect could not 
be definitely established and the data on silver, zine, 
and copper spheres were all averaged together. 

The curves in figure 10 show the number of 
breakdowns as a percentage of the total number of 


shots at each gap spacing plotted against gap 
spacing. Each plotted point represents the results 
of at least 50 shots. For the sphere positive the 


increase in gap spacing in going from 100 to 0 
percent. flashover 30 percent for the steeply 
rising surge and 25 percent for the slowly rising 
surge. For the sphere negative this increase is 120 
percent for the steeply rising surge and 90 percent for 
the slow ly rising surge. Also, for sphere positive 
the gap spacing giving 100 percent flashover is very 
nearly the same for both the steeply and slowly 
rising surges, but for sphere negative the gap spacing 
is 9.6 em for the steeply rising surge and &.1 em for 
the slowly rising surge. Thus breakdown occurs 
over a wider range of gap setting for the sphere 
negative than for the sphere positive and a steeply 
rising surge increases this range for both polarities. 

A plot of time delay from start of first discharge 
pip to breakdown, against gap spacing is given In 


Is 
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figure 11 for a steeply rising surge. Each of the 
plotted points through which the curves are drawn 
is the average of 10 to 30 shots and the vertical line 
through each point shows the spread from minimum 
to maximum time delay at that spacing. The time 
delay increases on the average with gap spacing but 
the variation from shot to shot at each gap spacing 
Is quite large, especially with the sphere negative. 
Time delays for the slowly rising surge are not 
plotted, but the average values follow about the 
same curves as plotted in figure 11 and the variations 
from shot to shot at each gap spacing are about the 
Sume 

The statistical nature of the experimental results 
might be caused by variations in the distribution of 
free electrons and ions in the gap from shot to shot 
As already mentioned, a weak ionizing source was 
used while obtaining the above data in order to give 
an average ion density inside the gap enclosure that 
would correspond to average laborators conditions 
outside of such an However, the ion 
distribution still varied from instant to Instant and 
it would be very difficult, if not impossible, to control 
the instantaneous distribution 

The distribution can be greatly modified by using 
a strong artificial source of ionization This Was 
done in two ways: (1) by placing a strong gamma-ray 
souree (Co™ giving 50 mrhr at | om 1 om 
the sphere with its beam aimed at the sphere, 
eviving O.5 


enclosure 


about 


below 
or (2) by 


placing a weaker source (Co 
mrhrat 1 om) inside the sphere and near its uppel 
surface 

Data similar to those described above 
one or the other of 
The following results were noted 
every 


were taken 


with either these gamma-ray 
sources place 
1) the first discharge pip appeared Ol 
even at gap spacings up to o6 em sphere positive 

and its time delay even at the long rap spacings Was 
always than 0.2 2) the value of peak 
current of the first discharge pip much more 


repeatable from shot to shot, the ean) in repeatability 


shot, 


less usec ; 


Wis 


being very pronounced for a steeply rising surge and 


sphere negative: (3) the average value of peak current 


down to about one-third its valu 
the strong source for sphere negative at ga 
10 em; (4) the gamma-ray source had lit Or No 
effect on the time lag of breakdown ver 
5) the only noticeable effe: 
percent’ breakdown versus gap-spacing Curves was 


Vithout 
‘pacing 


was less 


; 'S gap. 
spacing curves; on th 
that for the slowly rising surge and sphere jiegatiyp 
no breakdown occurred at gap spacings greater thay 
11.4 em. 

From these results it is concluded that Viurlations 
from shot to shot, (1) in the time delay Lo start of 
first discharge pip and (2) in the peak value of eyp. 





rent of first discharge pip, arise from the random 
distributions of charges in the gap at the instang | 
Onee the first discharge pip has | 

mechanism of 
vreat extent by 


voltage is applied. 
occurred, however, the subsequent 
breakdown ts not affected to any 
this initial charge distribution 


4.2. Chopped-Wave 145-kv Surge 


Further investigation of the discharge that oceups | 
during the first discharge pip was carried out by 
chopping the voltage very quickly after the fips 
discharge pip starts. A large number of oscillograms 
of the current showing the first discharge pip, and 
corresponding pictures of the discharge, were taker 
with chopping time from 0.005 to 0.02) psec after 
start of first discharge pip. ‘Typical examples of 
these records are shown in figure 12 for sphere posi- 
tive and fivure 13 for sphere hegative Some 
branches of the streamers propagate across the gap 
very quickly , and their appear- | 
ance Is very nearly the same as those obtained with-| 
out chopping the voltage wave but at greater gap 
spacings. An approximate value for the velocity of 
propagation of these streamers was obtained by cle- 
termining the actual length of the streamers from 4 
discharge picture, and taking the time of formatior 


in about 0.01 usec 





from the corresponding current oscillogram as th 
time from start of discharge pip to time voltage was 
This was done for 10 sets of records for 


chopped 


each polarity (similar to those shown in figs. 12 and} 
13). The mean streamer propagation velocity was 
found to be 500 em wsec for sphere negative and SU J 
cm) usec for sphere positive, the average deviations 
being 90 for sphere negative and 100° for sphere] 
positive i 
The experimental results obtained using a full-way 
surge voltage indicate that the discharge is initiate 
by i sudden burst of eurrent, which Is quickly rt 
duced toa low value ana rethains hear Zero unless 
complete breakdown Is to occur When and only 
when breakdown is to oceur, the discharge eurrel 
begins to lnerease again the “second discharge rise” 
rather slowly at first and then at an ever increasing 
rate up to breakdown. If breakdown is complete, : 
picture of the discharge is of little value because tl 
film Is creatly overexposed by the Intense liohit from] 
’ 


the high current are. Hf, however, the voltage way 
Is chopped off at some time before complete break 
down would have occurred. 2 photograph of the (is } 
charge should be indieative of much of the tonizatio 


phenomena taking place up to the time of chopping] 
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Such records were obtained by using the chopping 
circuit described tn section 3. Oscillograms of dis- 
charge current and pictures of the dis harge on the 
corresponding shot were taken at various chopping 
times For these tests, the fap spacing Z. was held 
constant at a value that would nearly always give 
complete breakdown for a full-wave applied surge 
Results were obtained for both polarities of the 
sphere and for both steeply and slowly rising surges 
Because sphere polarity had a marked effect, a 
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cle scription of results for each polarity will be riven 
separately 

The oscillograms of discharge currents (figs. 144 
to 14F) and the corresponding pietures of the dis- 
charge figs 14.A’ to 14k’ were obtained using 
0.07 «?,, 145-kv surges with the sphere positive and a 
gap spacing of 20 em Kach picture is, of course, of a 
separate shot, so that the streamer pattern should not 
be expected to repeat in exact detail from picture to 


picture. Rather, this series of pictures has been 





Fig 
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en Figure 14 Oscillograms of prebreakdown current and discharge pictures taken on the same shots with applied voltage chopped at 
arious times atte the first current pip 
Gap spacing 20 en breakdown would t omplet tuge were not chopped 


if a 
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chosen to show the discharge us nearly as possible is 
it would appear at successive intervals after the first 
eurrent pip. ‘The initial streamer patterns that form 
during the first discharge pip and before the second 
I4A and 144A’ very 
similar Ih appearance to those previousl\ obtained 
the 


discharge rise starts (see figs ure 


when voltage Was hot chopped ana breal down 


did not ocecul sce fiys the and the’ The wppeal 
anee of the discharge beoins to change after thr 
second dise harge rise starts This change CONSISTS Of 
one or mnore brioht discharge channels Sturting at o1 
neal the sphere As the discharge current nerenses 
these brilliant channels appear to extend ina rather 
tortuous path toward the plan electrode Kacl 
bright tufted channel appears to be fed by a mult 

tude of very fine hair-like filaments These hair-like 
filaments are continuously developed from the lead 
ing fingers or branches of the growing channel and 
many appear to extend all the Way to thie prlarrne 


electrode verv early in the channel crowth 
Approximate values for the rate of channel growt! 

were obtained by Measuring | the channel length 

pieture and (2) the time first 


on a discharge from 


discharge pip to the chopping of the voltage wave on 





the corresponding current oscillogram. This wag 
done for 18 sets of records similar to those shown jp 
figure 14. A plot was then made of channe! length 
against time to chopping of the voltage wave, and g 
smooth curve drawn through the plotted points as 


shown in figure 15. The slope of this curve gives 


approximate values for the instantaneous rate of 
channel growth. The channel starts to grow at 8 
fairly slow and uniform rate of 3 ¢m/ysec After jj 


has reached a length of 3 em it grows at an in¢ reasing 
rate. At midgap (10 em) its rate of growth 
20 em/usec. Bevond midgap it CTOW 
much faster, and quickly reaches the plas ec eli ctrode. 
causing complete breakdown 

Current oscillograms and discharge pictures shown 
mn figure l6 were obtained in the same nanner as 
those im ficure 14, except that the slowly rising surge 
voltage (1 ¢,. 145-kv) was Breakdown 
occurs in essentially the same way, but the initial 
streamers that develop during the first current pip 
vary greatly in pattern and magnitude from shot to 
shot. <As from figures 116A, 16B, and 16D. 
when the first discharge pip appears after the applied 
voltage has risen to a fairly large value, its magnitude 
is quite large and the initial streamers are fully de- 
veloped and similar to those in figure 14 As seen 
from figures 16C, 16E, and 16F, when the first dis- 
charge pip appears before the applied voltage has 
reached a high value its magnitude ts much less and 
the initial streamers do not extend very far from the 
sphere. However, the growth of the channel which 
lends to breakdown does not appear lo be ereatly 
affected by the magnitude or pattern of the initial 


s about 
uppears lo 


used, 


seen 


streamers 

With the sphere negative, current 
lischarge pictures for the voltage chopped at 
and IS The 


to breakdown 


oscillograms 
and 
various times are shown in figures 17 
time delay from first pip 
varies more from shot to shot than with the sphere 


discharge 


positive, and this increased the experimental diffi- 
culty it) obtaming an set ol illustrative records with 
the voltage chopped ut various stages in th break- 
However, fairly satisfactory 


down process sets of 


1 | f 
records were obtamed by tal mer a large number o 


shots. The initial discharge streamers bridge the gap 
on all shots for a steeply rising voltage (fig. 17), and 
on some shots for the slower rising voltage (fig. 1S 

Breakdown begins with the second discharge rise 

and the inerease in this current is not as gradual as 
lol sphere POSILIVe Lt about the same time as the 
second discharge rise starts the dischare pielures 
SHOW positive ¢ hannels plasma begining from the 
poleunne These were noted by Norinder |10, fig. 16 
) 510) and referred to as plat stems. These 
plane or anode channels grow toward the sphere in 
much the same way that a channel starting from the 
sphere grows toward the plane with sphere positive 

As the channel approaches thre sphere breakdown 
occurs Very rapidly, when the channel either con- 


tacts the sphere or connects with a cham e| develop- 
ing from the sphere 
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5. Analysis of Experimental Results 


The re fool the 
ticular discharge pietures 
while going this last 


rizes these records and gives the corresponding figure 


need of referring to par- 


nnd 


wder may 


current oscillograms 


Ove! section Table 1 summa- 


umbers 


5.1. First Discharge Pip 


In order to explain the initial discharge streamers 
and the current pip associated with them, it is nee- 


day essary to make some additions and modifications to 





.O 


hie 


theories already postulated Because of their high 
velocity of formation and the fact Mat they follow 
the lines of force of the applied field, these streamers 
cannot be compared to the pilot streamer or stepped 
leader stroke observed in lightning. Because they 
can travel across the gap without leading to break- 
down they cannot be completely explained by Loeb 
and Meek’s streamer theory [5], although this theory 
will be used here as the basis for their explanation, 
A brief summary of the proposed explanation will be 
viven first, followed by details of various phases of 


the mechanism involved and correlation with the 
experimental data 
The term “streamers” is used because of their 


appearance the discharge pietures. Actually 
these photographic traces (which will still be called 
are produced by balls or regions of high 
space-charge density with high ionization and = ex- 
citation activity at their leading surface, being pro- 
jected from the sphere toward the plane along lines 
of force of the applied field. If moving pictures at a 
speed of 10 frames per second could be taken, each 
frame would presumably show a small localized 
bright area somewhere between the sphere and the 
plane, while regions outside the ball would give very 
little light. The ball does not consist of a group of 


On 


streamers 
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electrons or ions moving outward from the sphere,’ 
but should be thought of as a traveling wave of high 
charge density which is propagated by a process in 
which new charges are continually produced at the 
leading surface of the ball by the high gradient there 
In the path behind the ball there is left a high con- 
centration of both positive and negative with 
an excess ol positive lons in case the sphere Is positive 


LOnS, 


and an excess of negative tons in case the sphere is 
negative The net space charge left by the moving 
ball is enough lo markedly reduce the original high 
vradient near the sphere, and thus inhibit for a short 
time further lonization activity in the path behind 
the ball The streamers not form conducting 
paths from the sphere to the plane because after the 
ball has crossed the cup the residual eradients are so 


low that no more tons are produced 

To explain the formation and propagation of the 
ball of high charge density, a@ process Is sugge sted 
similar to that used by Loeb and Meek [5] in ther 
streamer theory for uniform fields, which starts with 
the familiar electron avalanche The chanes 
free electron being correctly positioned with respect 
to the sphere to start an avalanche at the instant at 
which voltage is applied is quite small. But it 
been demonstrated that the streamers do start at or 
very nearly at this instant for a gap out in the open 
under laboratory conditions, giving an average back- 


has 


ground density of ions in the air between the elec 


trodes Hence a free electron for avalanche initia 
tion is probably produced from nnecative ion by the 
high voltage cradient 9) kv em or more near the 
sphere when voltage is applied. With the sphere 


positive il ball of positive space charge Is forme dl hy it) 


avalanche, and with the sphere nevative a ball ol 


hegative space charge The two cases will be 
considered Sep; rately 

With the ee positive, a negative ton situated 
in the high-field region near the sphere supplies a 
free electron, which starts lonizing neutral molecules 
and quickly forms an avalanche As soon as this 
ionization process starts, it) furnishes a plentiful 
supply ol photons whiecl liberate electrons ! thre 
nearby higl field. where thev, too, can readily start 
new avalanches. By means of this speedy relav of 
photons Ove! thre encrre hit field reciol nddjacent 
to the sphere its uppel half becomes rapial pep 
pe ed” with avalanches 

The electrons are drawn out of thi thnaneches 
into the sphere, leavu balls of | hh pos \ space 
charge densit near the surtace of the splv Phese 
balls will. of course, var size and charge densit 
but at lenst some of them will be capabl Ol thiitlatineg 
positive streamers The Space-Charge balls enhances 

\ 
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POSIULN 
the ba 


ld near them so that photo electrons liberated 
region just ahead of a ball form new avalanches 
are attracted to the ball, leaving a volume of 
let positive space charge just in front of th 

The flow of electrons through the ball and 
toward the sphere tends to reduce the het 
e space charee density in the path left behind 
ll. ‘Thus the ball of high positive space-charge 


density, which also acts as a center of high lOoniwiZzatior 


and C 


xeltlation activitv, remains small but moves 


rapidly away from the sphere. creating the positive 


strean 

Dur 
appre 
produ 
tances 
tion ol 


of t| « 


er trace on the film 
ne this process the positive 1oOns do hot move 
iably, but remain essentially where they ar 
‘ed, and the ( 
toward the sphere 


electrons move only short (lis- 
The high speed of forma- 
the streamers is accounted for bv the motio 
ball of high het positive space chare density 


which produces a momentary high voltage eradient 
aut each point along the streamet path ius Passes 
that pot 

In tl path left by the ball there is a higl aensit 
of both positive tons and eleetrons with a slig 
eXCess Of positive lons This) net DOSTLIVE sp 
charge changes thr potential distribution by : 
the sphere and pptearae is ndieated on ecru’ y 
(‘urve A 1s the potential computed trom the app 
voltage wit Space chara neclected ( rve B 
son estimate of the potential after the ball S 
reached the plane When the ball is at au viven po 
Pr the potential follows curve B from the sphere 
po P and « \ from pomt P to the plane. T 
qaiscontinull at port P Is due to the ty DOs 
charge dens the ball. ane produce the hig 
momenta rradient necessary to project the ba 
The gradient as estimated from curve B is not hig 
enough to produce lonization or eNXeitation CXCO] 
in the region very near the sphere. The bright stems 
near the sphere see figs. 4E’ and 14A%) indhieat 
ionization im this region, which probably persists 
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until t! additional space charge it produces de- 
creases Lie gradient further. Thus the path left by 
the rapidly moving ball will not become a highly 


conducting plasma until some other mechanism for 


increasing lon density becomes active. 

With the sphere negative, the electron avalanches 
formed the region near the sphere initiate positive 
streamers Which quickly propagate the short distance 
tothe sphere. As the streamers approach the sphere, 


the high positive space-charge densities at their tips 
make the already extremely high gradients near the 
sphere even higher, and, largely because of these 
exceedingly high gradients, electrons are immediately 
released from the sphere 

The mechanism of electron release could be by any 
one or a combination of the following: (1 positive 
ion bombardment of the sphere, (2 high-energ 
photons impinging on the sphere, (3) field emission. 
In anv event, more than sufficient electrons will be 
released Lo equalize the positive space-charge density, 
and a small volume or ball of high negative space 
charge will form near the sphere in line with each 
streame! This is likely because of the high gradient 
near the sphere due to the applied voltage. Each 
small ball of high negative space-charge density can 
propagate away from the sphere by a mechanism 
nearly the same as for propagation of a positive ball, 
that is, not only by electron motion but largely 
because of the continuing generation of new electrons 
ahead of this volume. Here again, the ionizing and 
excitation activity is largely confined to this small 
ball of high space-charge density, which propagates 
rapidly toward the plane. Thus with the sphere 
negative, negative streamers develop from the 
sphere in much the same manner as positive streamers 
with the sphere positive. The experimental results 
indicate this to be true, as may be seen by comparing 
figures 4A’ to 4K’ with figures 6A’ to 6D’ (gap 
spacings too long to vield breakdown ‘ and figures 
12A’ to 120" with figures 138A’ to 13C% (gap spacings 
giving breakdown but voltage chopped quickly after 
first discharge pip starts The negative streamers 
leave numerous positive ions but a negative net space 
charge, which initially consists of electrons. The 
electrons, however, are quickly attached to oxvgen 
molecules to form negative ions. Thus a potential 
distribution similar to that shown by curve Boin 
figure 19 can persist for a short time and inhibit 
further lonization 

With the sphere negative, however, the imitiation 
of a streamer requires a shorter gap spacing for a 
TIVE Tl applied voltage and the velocity of propaga- 
tion is” less To account for these experimental 
results, consider the development of an electron 
avalanche in the two cases: (1 sphere positive and 
é sphere negative For the sphere positive, the 
electrons move in the direction of increasing vradient, 
because thes travel toward the sphere or toward the 


ball ol hich positive space-charge density. Kor the 


sphere negative, the electrons move in the direction 
of decreasing gradient, because they travel away 
irom the sphere or away from the ball of high 
hegative space charge density. Thus, the electron 
avalanches develop faster for the sphere positive, 


giving a higher velocity of streamer propagation. 
Also, the initiating avalanches can form positive 
streamers for lower applied gradients near the sphere 
with the sphere positive and thus produce streamer 
initiation for longer gap spacings. 

The question now arises as to how much space 
charge would be required to suppress ionization, 
and whether the first discharge pip furnishes this 
amount. By applying Laplace’s equation to the 
case of concentric spheres it can be shown that for a 
charge density in the space between the spheres, 
proportional to the reciprocal of the distance from 
the center, the gradient will be constant at all points 
between the spheres. By assuming such a charge 
distribution, and taking (1) the diameter of the inner 
sphere to be 1.6 em, (2) the diameter of the outer 
sphere to be 40 em, and (3) the potential difference 
between the speres as 145 kv, the total space charge 
required to give a uniform gradient was computed 
and found to be 3.4*107° coulombs. The average 
first discharge pip fora 145-kv surge (sphere positive ) 
and gap spacing of 20 cm was found experimentally 
to have a peak current of 19 amp and a time to half 
value of 0.07 wsec. Integrating this current pulse 
to obtain the total charge supplied by it, gives 1.9 

10°’ coulombs. This is about one-half the value 
computed for concentric spheres to give space charge 
vielding a uniform gradient. The factor one-half 
is about right to convert from the case of concentric 
spheres to sphere-plane electrodes. 

The above computation is only intended to indicate 
that the space charge is of the correct order of 
magnitude to materially reduce the longitudinal 
voltage gradient in the region near the sphere. The 
assumptions used, which led to a constant gradient 
between sphere and plane, are not easily justified 
It could be argued that the space charge per unit 
length of streamer (path left by the ball) would be 
constant. For concentric spheres this would give 
an average charge density proportional to the 
reciprocal of the square of the distance from the 
center. Computations based on such a charge dis- 
tribution vield a gradient near the sphere actually 
higher than that obtained neglecting space charge. 
No definite statement as to exact charge distribution 
in the streamers can be made at this time. However, 
it should be readily possible for this space charge to 
alter the potential distribution as proposed in 
figure 19, 

Another complication to be considered in’ such 
computations is that the space charge, just after 
formation of the streamers, would probably be mainly 
concentrated inside them. This would lead to’a 
transverse gradient, 1. e., perpendicular to the diree- 
tion of the streamers. A rough computation of this 
transverse gradient can be made. The total number 
of streamers has already been estimated to be 50 
see footnote 5), and the streamer width as deter- 
mined from measurements on figure 14A’ is 3 mm 
By using these values and assuming the streamers 
to be eylinders with lengths equal to gap spacing, 
L=20 em, the estimated total volume of all streamers 
is found to be 70.7 em*, giving for 1.9 107° coulomb 
total charge, an average charge density inside the 
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treamers of 0.027 X10 coulomb/em*. The max- 
imum voltage gradient at the surface of a streamer 
due to this charge was approximately computed and 
found to be about 18 kv/em, which ts not sufficient 
to produce ionization. Thus, even when both longi- 
tudinal and transverse gradients are considered, the 
space charge introduced by the first discharge pip 
appears adequate to suppress further lonization. 


5.2. Second Discharge Rise and Breakdown 


For gap lengths sufficiently short or (in case voltage 
magnitude had been changed) for sufh- 
ciently high, the first discharge pip is followed rather 
quickly by a second increase in current which, in 
general, rises at an increasing rate until breakdown 
occurs. As indicated in the experimental results, 
the mechanism of breakdown is different for the two 
sphere polarities. 


\ oltages 


a. Sphere Positive 

With the sphere positive, a highly conducting chan- 
nel starts to form at the surface of the sphere and 
grows toward the plane in a tree-like pattern with 
one more main arms, each with many fingers 
which are fed by a multitude of fine filaments. This 
plasma channel acts as a conducting arm reaching 
out from the sphere, and as it extends itself toward 
the plane there is an ever-increasing gradient between 
the ends of the fingers and the plane. Thus, 
started, it leads to complete breakdown unless the 
voltage is chopped. 

The differences between streamers, which accom- 
pany the first discharge pip, and channels, which 
lead to breakdown, must be considered. They will 
be referred to merely as streamers and channels. 
Experimental evidence indicates the following differ- 
ences: (1) Streamers propagate at a very high and 
probably nearly constant velocity of from 500° to 
1,000 em/usec, while channels start to grow at a 
fairly low rate (3 em usec) and their rate of growth 
increases as they span more of the gap, being about 
20 cm/ysec at midgap; (2) streamers do not consti- 
tute a highly conducting plasma, but channels do; 
(3) streamers seem to follow along the original geo- 
metric lines of force of the electric field, but channels 
grow in a random zigzag course; (4) channels create 
a much more intense photographic than 
streamers, suggestive of a much higher temperature 
and ion density in their core. 

As already indicated, the streamers form quickly 
and leave behind a space-charge distribution which 
changes the original nonuniform field between sphere 
and plane to a more nearly uniform field. Thus 
immediately after the streamers have formed, the 
gradient at all points in the gap is below that required 
for ionization by collision, and if breakdown is to 
develop some other source of ionization must arise 

Although the streamers form almost instantly, the 
channels take enough time to develop so that the 
energy fed into their leading tip produces gas tem- 
peratures sufficiently high to vield a copious supply 
of As the channel is formed it 
good conductor from its origin at the sphere to its 


or 


once 


rece rd 


ions. serves 


aus a 
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leading end. Thus there will be a high gradient gg 
the tip end of the channel, and filaments siiilar jg 
their mechanism of formation to the initial ¢ charge 
pip streamers will form at the tip end and fecd mogg 
energy into the channel, causing it to propagate, 
The direction of channel formation at any instang 


depends upon the adjacent electric field strength ang 
direction at that instant. The field configuration gt 
any instant is fixed largely by the particular spage 
charge distribution at that instant. Because the 
space charge distribution depends upon all previous 
ionization activity in the gap, it has random loeal 
irregularities and varies from instant to instant, 
This accounts for the random zigzag course of the 
channels, 

After a channel has started it develops (as discussed 
above) until it bridges the gap, causing breakdown. 
Just how and why a channel starts is not self-evident. 
Because of the inhibiting space charge left: by thy 
streamers, it would appear that no further discharge 
could take place until this space charge had been at 
least partially cleared from the region near the sphere, 
This is, of course, true for longer Yap spacings at 
which breakdown As gap spacing js 
decreased a value is reached where breakdown occurs 
on some shots. In these cases the small bright stem 
of an initial streamer serves as the beginning of a 
bright channel. If the initial streamer pattern js 
such as to produce a sufficiently high gradient in q 
region near a bright stem, a channel will start to 
develop. Other streamer patterns may not produce 
a sufficiently high gradient. Thus the development 
of a channel is at least partly a matter of chance, the 
chances being greater for shorter gap spacings 
(assuming the same applied voltage surge). The 
fact that the channel does not continue to follow the 
same path as the streamer is readily accounted for 
by remembering that the gradient along the streamer 
longitudinal gradient) tends to be uniform and fairly 
low because of space charge. Near the sphere the 
transverse gradient just outside a streamer should be 
much greater than the longitudinal gradient. Thus 
there should) be more likelihood of a channel 
branching away from a streamer stem, as borne out 
by the experimental results For the sphere positive 
and provided not creat overvoltage js 
applied), breakdown place zigzag 
channel that has completely spanned the gap 


figs. 20A and 21A),. 


ho Occurs. 


too an 


takes along a 


see 


b. Sphere Negative 
With 


the sphere negative, breakdown is nol 
initiated by a zigzag channel starting from the 
sphere. This would indicate that conditions in the 
region near the sphere are not propitious for channel 
development One of these conditions is that the 
transverse gradient adjacent to the 
verv high. This would hold for positive streamers 
because positive ions would diffuse into this region 


streamers be 


quite slowl\ It would not hold for negative 
streamers, because electrons could quickly diffuse 
into lateral regions, forming negative ions and 


thereby reducing the gradient. The fact that zigzag 
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channels do not form from the sphere when it is 
negative for the observed result 
that. fol the same voltage, a longer vaup will break 
down when the sphere is positive than when it is 


helps to account 


negative 

It will be remembered that the of 
negative streamers Is quite similar to that of positive 
streamers for gap spacings longer than at 
which breakdown may The change in ap- 
pearance with further decrease in gap spacing, at 
the same applied surge voltage, is presumably due 
to the higher gradients existing at the lower spacings 
The most noteworthy change in appearance is the 
more intense photographic record, indicative of an 
mecrease n ionization welivily The increased 
brightness begins at the sphere and follows the 
streamers, going farther out into the gap the longer 
the voltage is left on I7A’, 17B’, and 17C’ 
This phenomenon requires a longer time to develop 
than the because when the voltage 
chopped very quickly (see fig. 13) it does not occur. 
Thus it appears that the streamer itself develops 
into a straight channel as more energy is fed into it. 


appearance 


those 


occur 


ie ee fies 


Is 


streamers, 


Complete breakdown uppears to occur in this way 
for a sufficiently short gap or sufficient overvoltage. 

Another change in appearance is the addition of 
auxiliary streamers starting out nearly perpendic- 
larly from the initial streamers and then curving 
toward = the sphere are probably 
streamers, initiated of the high 
region between the initial 


down These 
positive 
transverse gradient in the 
streamers at a considerable distance from the sphere 

A third change in appearance is that the initial 
streamers small of greater 
lonization activity along their length. The spacing 
of these dots is random and some streamers show 
\fter the initial streamers have traversed the 


because 


aequire dots Ol regions 


hone 
gap there is not. sufficient voltage to maintain 
longitudinal ionizing gradients along the entire 


streamer. ‘This is just barely true for the shorter 
gap spacings used with sphere negative, and if the 
gradient is not exactly uniform along the streamers 
these dots could be regions of high eradient. These 


changes in appearance of negative streamers at gap 
settings leading to breakdown indicate that, for very 
short gap spacings or considerable overvoltage, 
breakdown would occur by a streamer developing 
into a channel as more energy is fed into it 

However, at gap spacings just short enough to 
give breakdown, there is another mechanism = in- 
volved in breakdown. Plasma channels start from 
the plane and develop outward toward the sphere 
in random paths (see figs. 17D’ and 17E’) similar to 
the channels which start from the sphere with sphere 
positive. These plane channels are probably in- 
itiated by high gradients at the plane created by the 
negative space charge of the initial streamers. They 
would start as positive streamers and quickly de- 
velop into channels, which follow a path perpendic- 
ular to the plane part way across the gap and develop 
further in a zigzag path by the same mechanism 
that produces zigzag channels from the positive 
sphere. Breakdown is then completed by these 
zigzag channels proceeding all the way to the sphere 
or meeting a channel developing from the sphere 
along the path of an initial negative streamer 

This explanation of breakdown with the sphere 
negative would predict that the mechanism of 
breakdown changes as gap spacing is reduced (or 


Is 


overvoltage increased , With very small over- 
voltage, breakdown would result from a zigzag 
channel developing from the plane. With high 


overvoltage, the breakdown channel would develop 
along the same path used by an initial streamer 
This is shown to be true by the photographs of 
complete breakdowns for sphere negative 

figs. 22 and 23) taken with a dense filter at 
several different gap spacings. Similar photographs 
taken with the sphere positive (see figs. 20 and 21 
indicate that here also, if gap spacing is sufficiently 
reduced, breakdown by an initial streamer 
developing into a channel. These results suggest 
that the mechanism of breakdown in a uniform 
field gap is first a rapidly forming initial streamer, 
which because of the high gradients available quickly 
channel. This would account for 


spark 


(see 
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changes into a 
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A B C 
Figure 22 Spark discharge pictures Silt on camera 
14 irae phere negative \ / lt I B, J ‘ en ( 
/ ~ 
the straight spark paths found for uniform field 
gaps [16 


5.3. Effect of Rate of Voltage Rise 


The foregoing explanation of discharge mechanism 
ina nonuniform field gap has been based largely on 
data obtained when voltage Is suddenly applied to 
the gap-—-that is, with a voltage rise time of 0.07 
usec, Data obtained using a time of | 
were, In general, the same; but the magnitude of the 
first discharge pips and the size of the corresponding 
discharge patterns varied considerably from shot to 
shot Because the first discharge pip and the 
ionization associated with it have such a short dur- 
ation, they can happen on the rising front of a slowly 
rising wave The value of voltage that 
determines their magnitude is variable from shot to 
shot and is usually less than the peak value. After 
the initial discharge is formed, further discharge 
Phenomena are inhibited by the space charge it 
leaves behind. Thus, unless gap such 
that complete breakdown OCCUPs, further dis- 
charges take place after the first) discharge pip 
even though the applied surge voltage continues to 


rise usec 


voltage 


spacing is 
no 


rise The magnitude of the first discharge phenom- 
era depends on the exact value of voltage at the 
instant of discharge Initiation Consequently, any 


scattering in “time to first discharge pip” results in 
Variation im current magnitude and 
In corresponding photographic records 
Experimental results showed that the later the 
first discharge pip occurred on the rising front of the 
voltage wave (that is, the higher the voltage at instant 
of the larger the magnitude of first 
discharge pip and streamer length The transition 
from initial discharge breakdown is) probably 
verv nearly the same for a l-usee front voltage as 
for the faster voltage front. as may be seen for the 
sphere positive by comparing the records shown nh 
figure 16 with those in figure 14. With the sphere 
the initial not appear to 
, and there might 


il considerable 


occurrence 


to 


negative discharges do 


extend as far into the gap see fig 7 
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A B C 
Figure 23 Spark discharae prietures filt ron camera 
1x 1), 145-k 5 irt phere negative aaa vem: B, 1 oem, ¢ / , Ro 


be a question as to whether plate stems and channek 
can form. However, photographic records fig, 18 
using chopped voltages show that they do form, ay 
breakdown occurs in much the same manner as f 
the steeply rising voltage. This ean be nccounte 
for when one realizes that the streamers may exten 
farther than the photographie records show. 4 


the ends of these streamers a large supply of electrons | 


is produced during the first discharge pip, and ther 
is an interval of nearly 1 usec before initiation of 
the plate stems in fig. IS During this 
interval, these electrons can drift toward the plan 
and, negative charge, the higt 
gradients necessary there to initiate positive stream. 
ers and channels. 

The experimental curves shown in figure 10 indi 
cate another difference in breakdown characteristi 
depending upon the rate of voltage rise.  Thes 
curves show that for a steeply rising surge, break 
down is more apt to occur at the greater gap spacing 
than with a slowly rising surge. As already met 
tioned, the particular pattern of the initial discharg 
streamers, which varies from shot to shot, determine 
whether not breakdown will In genera 
probably, the greater the magnitude (i. e., tote 
coulombs) of the first discharge pip, the greater tl 
chance for breakdown to follow. The first discharg 
pip ts of higher magnitude on the average for a steep 
rising surge, and thus breakdown is more likely to de 
velop at greater gap spacings 


us oa cautse 


space 


or oceur 


6. Summary 


|. When a surge voltage of sufficient magnitud 
and duration ts applied toa sphere-plane gap (non 
uniform field) the prebreakdown discharge phenom 
ena are divided into two phases: (a) the initial stream 
ers Which produce the first discharge pip and (b) tt 
somewhat later development of a good conducting 
channel which causes il second rise in discharge cur 
rent This second current exponel 
tially to breakdown unless the applied voltage 
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9 The statistical nature of the experimental 
sults is demonstrated by summaries of the following 
measured quantities: (a) time delay from start of 
voltage surge to first discharge pip, (b) peak current 


rst discharge pip, (c) percentage of complete 
us for a given gap spacing, and (d) time de- 
first discharge pip to breakdown. Before 
applied the instantaneous ion pattern near 
is changing continuously, thus accounting 
for the variations in quantities (a) and (b 
sive applications of the surge. The random nature 
of quant and (d is accounted for by variations 
in the first discharge streamer magnitude and pat- 
tern on repeated surge applications. 

2 ye initial streamers propagate from the sphere 
» plane along lines of foree of the applied 


value ot ! 
breakdo 
lav from 
voltage 

the spher 


on SUuUCCeS- 


ties (ec 


toward 


electric fle wt at very high velocities, 500 em/usee for 
the sphi re negative and SOO em/ysee for the sphere 
positive Devinn the initial discharge the surge of 
eurrent that flows to the sphere rises to a peak value 


of L to 30 amp (depending on gap spacing and sphere 
polarity) in about 0.008 ysee and then 
approximate ly exponentially to zero, reaching half 
value in about 0.08 usee. For gap spacings at which 
breakdown is likely the initial streamers 
bridge the entire gap from sphere plane without 
eausing immediate breakdown. The formation of 
the initial streamers produces a space-charge distri- 
bution in the gap, which apparently inhibits further 
jonization unless conditions are sue lh that breakdown 


de ‘CTeases 


to oceur, 


can occul 

1. If complete gap breakdown is to take place, a 
in current signifies the development of a 
conducting channel between the electrodes. With 
the sphet ' positive this channel starts form near 
the surface of the sphere and follows a zigzag path 
tothe plane. With the sphere negative the conduct- 
ing channel starts out perpendicular to the plane, 
but after a short distance changes its course and 
zigzag path to the sphere. Breakdown is 


sec ‘ond rise 


makes il 
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t_ ‘| 
i I ~ 
e - 
i 
= x 
! 
Nt) ! {— 2 _ SPHERE 
RADIUS =a 








GROUND PLANE POTENTIAL =O 


Nehemat fragram of sphe ‘ plane electrodes as 


ed to obtain ¢ M mental results 


completed when this highly conducting channel com- 
pletely spans the gap. 

5. For yap spae ings much shorter than first 
causing breakdown, i. e., for considerable overvoltage, 
the gap breakdown occurs by the development of one 


those 


of the initial streamers into a conducting channel. 
The breakdown path is then not zigzag but more 
nearly straight and seemingly follows a “line of 
force’”’ of the geometric field. It is suggested that 


this is the normal of breakdown for uniform 


field ¢ rups. 


type 


7. Appendix. Computation of Voltage Gra- 
dient Between a Sphere and a Plane 


For an infinite plane and sphere isolated in space 
and maintained at a constant potential difference, 
the gradient along the perpendicular from the plane 
to the center of the sphere can be computed by a 
formula given by Peek [17]. In this formula: 


and 


_— 


Potential difference between sphere 
plane. 

a—radius of the sphere 

5—the distance from the plane to the surface 
of the sphere along the perpendicular 
from the plane to the center of the sphere. 

y= the distance from the plane to the point at 

which gradient is to be determined along 


the perpendicular from the plane to the 
center of the sphere. 
p=1-+-é6/a 
f=%3[(2p—1) + y(2p—1)?+8] 
k,=gradient along the perpendicular from the 
plane to the center of the sphere at a 
distance y from the plane. £, is then 


given in volts per centimeter if dimensions 


are in centimeters and V is in volts by the 
equation 
y 6[6°(f+-1) +y°( f—1)] 
I os . (1) 
6°( 7 1) 7 | / 1)j° 
Results obtained using eq (1) would be correct if 


the plane were at ground potential, located on the 
floor, and the sphere at the high potential located 
above the plane, provided the effect of the lead 
connecting the sphere to the high potential could be 
neglected In the present experiments these condi- 
tions were not fulfilled and Peek’s formula was not 
considered to be a sufficiently close approximation. 
Figure 24 shows the arrangement of (1) ground 
plane at potential zero, (2) high voltage plane at 
potential Vy and (3) sphere at potential zero as 
used in the present experiments. By neglecting the 
effect of the tube eprtng, the sphere, a system of 
charges Q,, Qi, Qi’, Qs, and Q:” can be chosen to 
make the potential very nearly zero at every point 
on the surface of the sphere. The magnitude.and 
position of Q, is chosen that it, together with 
the surface charges on the two planes, makes the 
potential zero everywhere on the surface of the sphere. 
Charges Q; and Q)’ are image charges for Q, which 


sO 
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ceep the potentials of the two planes at their proper 
Values Charges (), ana (), are image charges inside 
the sphere of Q; and Q,’ to keep the sphere at zero 
potential. Further image charges were neglected. 
Using this system of charges and making some ap- 
proximations based on a being much smaller than d 
or 1), the following formula for /,, the gradient at 
the distance x from the surface of the sphere along 
the perpendicular from the high voltage plane to the 
center of the sphere, was derived 


1. Dd 
D’ Dp 
q 


xD | atay, te | 


In this equation the effect of the mounting tube for 
the sphere was neglected, which is probably justified 
if its diameter issmall. To determine approximately 
how well this holds, a more complicated computation 


carried the case of d 


was out for specific 10a, 
D=40a, and radius of the mounting tube—a/4. 
Charges along the axis of the mounting tube were 
considered with their images in addition to the 


charges used in the derivation of eq 2 They were 
chosen to make the potential at the surface of the 
mounting tube nearly zero at all points. The 
results of this computation for the one specilie case 
mentioned are compared with those obtained by eq 
(1) and (2) in the following table: 


mount- 
that 
considered. 


The value obtained using eq (2) in which the 
ing tube was neglected is nearly the 
obtained when mounting tube was 
Both values are somewhat lower than that obtained 
using eq (1), Peek’s formula. Equation (2) was 
considered to be a sufficiently approximation 
and for the actual dimensions used in the experi- 
mental work and for 145 kv applied to the plane 
the values of gradient at various distances from the 
sphere are shown in figure 25 for gap spacings of 10, 
20, 30, 40, and 50 em. 
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Index of Refraction and Particle Size as Factors in the 
Infrared Spectrophotometry of Polyvinyl Chloride 


Mary Reiney Harvey, James E. Stewart, and Bernard G. Achhammer 


The 
particle 
sumples whos 


SCOpe 


S1Z¢ 


of solid-phase infrared spectroscopy Is 
restrictions heretofore placed on the 
indices of refraction change only 


broadened by the elimination of 
This applies onlv, however, to 
with change in wavelength and 


sample 
slightly 


can be matched to the indices of refraction of the suspending medium 


The 
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solid part icles 


technique has been applied to the infrared spectral 


up to 44 microns diameter) of polyvinyl 


chloride, thus prov iding a technique for obtaining the infrared spectrum of poly \ invl chloride 


without subjecting the polymer to degrading forces 
tion of potassium bromide and polyvinyl chloride 
Other imbedding 
used to demonstrate the necessity of matching the indices of refraction of 
sample particles are relatively large. 


resolved, seatter-free spectrum obtained. 
of refraction were 
medium and sample when the 


A near-match in the indices of refrac- 
is apparently responsible for the well- 
salts having different indices 


The measurement of 


potassium bromide pellets containing polyvinyl chloride of various particle sizes showed 


that even verv large particles 


of this method for 
pe llets is ce seribed 


the feasibility 
suitable 


1. Introduction 


Solid-phase infrared spectral measurements have 
been the subject of wide interest in recent years. 
The potassium bromide pellet method developed in- 
dependently by Sister Miriam Michael Stimson [1] ' 
and UU Schiedt [2] has received, in particular, wide- 
spread attention.” This paper describes a further 
development of this technique to render it applicable 
to samples of high polymers of relatively large par- 
ticle size. 

Most solid phase methods [3, 4, 5, 6, 7] require that 
the material being, tudied be soluble or of a very 
fine particle size (smaller than the wavelength of in- 
cident radiant energy), or the methods employ heat 
or grinding. Also, a solid piece might be molded, 
which would require heat and pressure when high 
polymers are under consideration. Polyvinyl chlo- 
ride cannot be subjected to heat or grinding without 
degrading the polymer. In addition, it is not soluble 
in infrared transmitting solvents and the particle 
size cannot be reduced without concomitant break- 
down of the polymer. As a result, the potassium 
bromide pellet method has been modified to allow 
the inclusion of relatively large solid particles of 
polyviny] chloride. This adaptation is feastble due 
to the matching of the indices of refraction of the 
two materials. 


2. Materials 


The polyvinyl chloride sample used predomi- 
nantly in this investigation and referred to as polymer 
101 is a commercial polymer.’ This polymer is a 


_—_—_——— 


Figure n brackets indicate the literature references at the end of this paper 

A session of the 1954 Pittsburgh Conference on Analytical Chemistry and 
Applied Spectroscopy was devoted to discussion of the potassium bromide 
pellet teehr yu The work described in tl Ss report w is partially presented in t 
Oriel discussion at that time 

Gaon 1 ndlv supplied by the B. F. Goodrich Chemical C 
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up to 110 microns 
indices of refraction of sample and medium are 
paper fibers imbedded in potassium bromide 


were obtained 
use with other materials. 


will vield characteristic spectra when the 
matched Infrared spectra of nvlon and 
these spectra demonstrate the 
Kquipment developed to make 


hard, horny, tough, and abrasion-resistant thermo- 
plastic material. It has outstanding resistance to 
chemicals and oils. 

It is a relatively insoluble substance, being soluble 
in only a few solvents. Solvents include cvyclohex- 
anone, tetrahydrofuran, dimethyl formamide, and 
mixtures of tetrahydrofuran, methyl ethyl ketone, 
and toluene. Thin films were cast from a solution 
of the polymer in cyclohexanone, but their infrared 
spectra indicated that appreciable solvent was re- 
tained. In addition, both cvclohexanone and tetra- 
hvdrofuran tend to form peroxides in the presence 
of air [8], making their use as a solvent even more 
undesirable. Dimethyl formamide has a_ boiling 
point in the range of that of cyclohexanone and, 
therefore, would probably also be retained by a 
film cast from a solution composed primarily of 
dimethyl formamide. 

The particle size of the bulk powder was examined. 
A small portion passed the U.S. Standard No. 325 
sieve, which has a nominal opening of 44 uw. In- 
creasingly larger amounts were collected by wet- 
sieving through sieves of the the 
greatest fraction consisted of particles passing sieve 
No. 120 and retained on No. 170, that is, having : 
nominal diameter between 88 and 125 4. There was 
very little powder retained on sieve No. 120. The 
Roller analyzer [9] was employed in an attempt to 
fractionate the powder that passed the No. 325 sieve. 
When the analyzer was set to collect particles of 0 
to 10 uw size, no powder was obtained. Microscopic 
examination revealed the presence of a very small 
proportion of particles approximately 10 » in diam- 
eter and very few particles smaller than that. 
Therefore, it was impossible to collect a sample of 
fine particle size fulfilling the heretofore established 
requirement for solid phase spectroscopy, namely, 
that the particles be smaller than the wavelength of 
incident radiant energy in order to minimize scatter. 


coarser SeCTLes $ 





The smallest particle size fraction of the bulk 
powder most easily obtainable for stud was that ap 
Pwussihie thie No 25 sieve This fraction will hence- 
forth be designated as 325-mesh powder (less than 
H-u particles Photomicrographs ' of this frae- 


tio} firure 1. show that on the nverage the particles 


ora 


approximate spheres and their surfaces appeal Lo 
have cusps and valleys 

Several unsuccessful attempts were made to pro- 
duce a satisiactors powder of finer particle SIZC 
The I ineral oil mull technique Wits emploved and 
the resulting infrared spectrum, which was published 
Il} 1952 LO}, exbibited evidences of degradation, 
showing absorption bands at 5 ana O uw ana il broad, 
intense band from 8.4 to 12 uu. This degradation 
was the result of the prolonged mulling required to 
produce the requisite particle size, due to the hard- 
ness Of the polymer. As mulling proved to be an 
unsatisfactory method of reducing particle SIZE, 
grinding the sample in a cooled, vibratory ball mull 
[11] was attempted. The powder obtained, however, 
was discolored and its infrared spectrum contained 
extraneous absorption bands. Figure 2 is a photo- 
micrograph of the powder that was subjected to 
$ hours’ ball milling. The appearance of the par- 
ticles is changed considerably by this treatment. 

Another polyvinyl chloride sample, polymer 121, 
was measured in the infrared to determine the influ- 


ence of particle size on the spectrum. Polymer 121, 50 Oe — 
cnimeninetns (fos Gn fo 


‘ Phot rographs were obtained by Sanford B. Newmar the Bur ! } 
n 121 i att 





i by the B. F. Goodrich Chen ( Figtre 2 Photon ograph of ball-milled polyvinyl chlorid i 
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sin, isa fine white powder of approximately 
particle size. Figure 3 is a photomicro- 
this powder 


a paste 
|- to 
graph « 


3. Suspension of Solids in Liquids 


Because of the deleterious effects of grinding the 
polymer, 2 method to obtain an infrared spectrum 
of polyvinyl chloride in the undegraded state was 
sought 

The 325-mesh polymer was mixed (not mulled 
in mineral oil. The infrared spectrum of the result- 
ing paste was quite good except in the range from 
9to 6 uw Where the radiation was badly scattered. 

It was found that if, instead of mineral oil, a 
liquid was used for the mixing whose index of refrae- 
tion more nearly matched that of the polymer, the 
scattering of the radiation could be eliminated 

The index of refraction of polymer 101 was meas- 
ured in white light by grain immersion methods, using 
oils standardized in sodium light, and was found to 
he 1.548 at 27° CC. The oils used in the measure- 
ment are prepared by mixing various proportions 
of mineral oil whose index ts 1.46 739 and a-mono- 
bromonaphthalene whose index is 1.66 72°. When 
the powder is observed in the liquid) mixture of 
matching index of refraction, it is almost invisible 
When the index of refraction of the liquid mixture 
differs appreciably from that of the powder, the 
powder is clearly discernible. An example of this 
latter situation is shown in figure | where the powder 
is seen against a background of mineral oil. 

When the 1.54 and 1.56 nn? liquid mixtures were 
used with the 325-mesh polymer to obtain pastes 
suitable for infrared measurement, the resulting 
spectra showed the complete elimination of the seat 
tering of the wavelengths from 2 to 154. A speetrum 
obtained on a mix of powder and the 1.56 Ny liquid 
was also published in 1952 [10 

Apparently, only a near-mateh of indices Is heces- 
sary to eliminate seatter, but an appreciable differ- 
ence will not be tolerated. The 1.61 73) immersion 
liquid was too poor a match for the powder and again 


When perfluorokerosene (1.32 


» 


scattering occurred 
ne), Which has no absorption from 2. to 
approximately 7.3 u with the exeeption of a weak 
band at 4.2 yu, was used as the immersion liquid, 
scatter was extreme and there was not even an indi- 
cation that there were bands in polyvinyl chloride 
around 3.4 and 7 u 

a-Monobromonaphthalene, however, has consid- 
erably more bands in the infrared 
than does mineral oil When the $25-mesh powder 
is suspended in the 1.56 3) liquid and placed in a 
rock salt cell of minimum thickness, the infrared 
spectrum contains a-monobromonaphthalene bands 
of appreciable intensity. Consequently, compensa- 
tion must be made for the liquid in order to obtain the 
spectrum of the polymer It is possible to achieve 
good compensation except in the regions where the 
liquid absorbs intensely, such as the 3.5- and the 
12.5- to 13.5-u regions. Here, inversion of the ab- 
sorption bands of the liquid or other odd tracings 
may result |12). 


bands 


absorpt ion 


Hexachlorobutadiene, with an index of refraction 
of 1.5542 ny, proved to be an excellent suspending 
liquid for the 2- to 6-~ region, where it exhibits no 
absorption. Bevond 6 uw, however, several intense 
absorption bands are present which mar its useful- 
ness. Hence, no single liquid suitable as a medium 
for the whole region from 2 to 15 u was found 


4. Suspension of Solids in Solids 


The requirements of a satisfactory suspending 
medium for relatively large particles are: (1) The 
substance should be of nearly matching index of 
refraction, and (2) the substance should exhibit 
negligible absorption bands in the infrared region. 
A substance that fulfills the second requirement Is 
potassium bromide. Potassium bromide has an 
index of refraction of 1.56 13 and thus fulfills the 
first requirement as far as polyvinyl chloride is con- 
cerned. Potassium bromide, therefore, should be 
well suited for use with polyvinyl chloride and this 
was found to be the case. 

The potassium bromide pellet technique [1,2] was 
emploved with several modifications of the method 
being made. It was desired to incorporate the $25- 
mesh polymer particles in the potassium bromide 
without subjecting them to grinding. An intimate 
admixture of the two powders is required as each 
particle of polymer powder must be surrounded by 
potassium bromide so that upon application of 
pressure the potassium bromide will flow into the 
“pockets” of the polymer particles. In this way, a 
pellet with a homogeneous index of refraction is 
produced, Sufficient admixture was obtained when 
the polymer and potassium bromide powders were 
thoroughly stirred together with a spatula. 

To obtain a spectrum with absorption bands of 
appreciable intensity, it was found in the case of 
polyvinyl chloride that a considerable quantity of 
sample was required, Pellets were prepared suc- 
cessfully in the ‘.-in. diameter dies using 2 percent 
polymer; i. e., 0.028 g¢ of polyvinyl chloride and 1.4 
gy of potassium bromide. The resulting pellets were 
0.05 in. thick. 


4.1. Method and Equipment 


To prepare a satisfactory pellet with this quantity 
of material, all conditions must be carefully con- 
trolled. Fisher's C. P. grade potassium bromide 
is ground in an agate mortar and sieved through a 
150-mesh Portions of 1.4 ¢ are weighed 
into small aluminum cups and dried at 105° C for 
100 hr in an air oven. Polymer portions of 0.028 ¢g 
are weighed into smaller aluminum cups and desic- 
cated. First, an approximately 50:50 potassium 
bromide-polymer mixture is obtained by transferring 
some of a potassium bromide portion. to a cup con- 
taining polymer and thoroughly mixing the two 
powders with a spatula. Then this 50:50 mixture 
is diluted by the bulk of the potassium bromide 
to vield a 2:100 polvymer-potassium bromide mix- 


sieve, 


Since this writir the Harshaw Chemical Co. has marketed 325-mesh potas 
sium bromide of optical quality which is currently being used for the preparation 
of pellets in th laboratory 








ture. This mixing process is carried out in a 
box at less than 3-percent relative humidity ‘ as 
the transfer of the powder mixture to the mold 
unit, parts a and b of figure 4. Before adding the 
top plunger, the mold unit is tapped to settle the 
powder evenly over the surface of the lower plunger. 
A small rubber band is placed around the top 
plunger to suspend it above the powder and also 
above the vacuum outlet of the chase, b. The mold 
unit is removed from the dry box, placed on a hard- 
ened steel disk, c, on the press platen, surrounded 
by a rubber wall, d, which also has a vacuum outlet, 
and topped by another hardened steel 
A seal is formed between the disks and the rubber 
wall by the application of a 200-lb load and a vacuum; 
the assembly at this stage is shown in figure 5, A. 
When a vacuum of approximately 40 u Hg isobtained, 
the load is applied slowly until a maximum pressure 
of approximately 95,000 psi is attained. The mold 
assembly under load is depicted in figure 5, B. The 
final held for 7 min and then slowly 
released. After release of the vacuum, the assem- 
bly can be separated and the pellet ejected from the 
mold unit by pressing the plungers and pellet out 
of the chase. <A rod of smaller diameter than that 
of the plungers is used as an ejector and a cork- 
filled tube of diameter larger than that of the plung- 
ers the receiving receptacle. This method of 
releasing the pellet without subjecting it to sudden 
changes in load prevents the formation of 
in the pellet or of cleavage planes at its perimeter. 
Kjection of the pellet from the mold unit is depicted 
in figure 6. The pellet is immediately placed on 
gel, until the 


disk, e. 


pressure 1s 


iis 


cracks 


removal in a desiccator, over silica 

infrared spectrum is measured. Good pellets can 
be made without evacuating the powder but the 
results are not as reproducible. Pellets of potas- 
sium bromide alone (1.4 ¢) were made for use as 


reference pellets 

Extensive experimentation with an earlier mold 
and an available vacuum chamber [13] aided in the 
design of the present simple setup The require- 
ments are 

1. Two hard evylinders with all surfaces mirror 
polished and having plane-parallel ends; 

2 A hard confining wall fitting these 
snug!y, provided with a vacuum outlet and with 
inner contacting wall mirror polished ; 


two rods 


3. Two hard plane-parallel surfaces to protect the 
press platens; 

$, A means of enclosing the parts of 1 and 2, 
utilizing the parts of 3 as the top and bottom, so that 
the whole unit is evacuable 

Hardened Stentor tool steel was used for the neces- 
sary parts satisfying the requirements of points 1, 2, 
and 3. To fulfill the fourth requirement, a wall was 
molded natural rubber. It afforded a simple 
means of providing for the considerable amount of 


vertical travel that is necessary when forming thick 


of 


———— 
At prese the r humidity ippr mately 1 percent as a result of 
prover ide in the dry boy 
The rubt va ompounded with 10 parts of carbon black per 100 parts of 

rubber and cured for 1 hour rhe product gave a Shore hardness value of 40 

The wall w nade in the Rubber Section of the Bureau 
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Figure 5 Vold assembly 


A, Dur hat 13 


pellets The wall thickness was 1 in A hol 
drilled through the wall and fitted with a brass tube 
The tube was sealed in the hol 
An improved design in 


as a vacuum outlet 
with a rubber adhesive. 











a ee 


Was § 


corporates the vacuum outlet in the top stee! dlisk | 


and leaves the rubber wall as a solid piece 


A hydraulic testing machine capable of a axl J 


mum load of 60,000 Ib is used to press the pellets. 
| A stationary head is emp.oyed to insure applicatiol 
| of the load perpendicular to the press platen because 
| perfect alinement of all parts is essential at the high 
pressures used during pellet formation. 
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A Perkin-Elmer model 21 double-beam infrared 
spectrophotometer with sodium chloride prism was 


ysed for Measurements in the 2- to 15-u region; in 
addition, some preliminary measurements were 
made with a cesium bromide prism in the Perkin- 
Elmer 21 in the spectral range from 15 toabout 38 n,. 


The pellets are larger than the infrared beam at the 
— position of sample placement and therefore 
»merely placed in heavy paper holders fastened in 
place by (wo paper clips and the unit slipped into the 


cell mounts on the monochromator. 


5. Results and Discussion 


Potassium bromide pellets prepared with this 


equipment are transparent with the oceasional 
exception of cloudy edge probably cnused by il 
variation in lever of the powder laver in the mold 

it. When the 325-mesh polymer particles are 
neorporated in the potassium bromide, the pellets 


ire still transparent enough to read print through 
them when they are laid upon the printed matter 
lf the printed matter is placed about 3 ft away, it 


ean no lon rel be seo ‘Nl when viewed through the pellet 

vy 7 The i pellets were made prio: to the in- 
clusion of the cork ejector in the pressing routine, 
hence a few cracks or strains mav be noticed. Such 


slight imperfections can be tolerated becaue the pel- 

lets may be oriented in the holder in such a manner 

that the imperfections are not in the path of the in- 

frared beam. This is possible because the pellets are 

.in.in diameter and the beam is just less than ' by 
in. at the normal position of samp! } placement 


5.1. Spectrum of Relatively Large Particles of 
Polyvinyl Chloride in Potassium Bromide and in 
Liquids 


The infrared spectrum of the sample pellet just 
deseribed, compensated by the reference pellet, 
shown as the solid curve in figure 8. There is no 


Is 
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les 
l= Wes 





Figure 7. Pellets simulating distance viewing (left) and 
contact viewing (right 
A, K Br reference pellet; B, pellet of polyvinyl! chloride in kK Br 


evidence of scattered radiation and the complete 2- 
to 15-u region is measurable. In fact, potassium 
bromide is usable in the infrared as far as approxi- 
mately 38 yu. Figure 9 shows the spectrum of the 
same sample pellet and also of the potassium bro- 
mide reference pellet in the 15- to 38-u region. 

The other curves shown in figure 8 were obtained 
on mixtures of the 325-mesh polymer particles and 
various — c ompe nsation for the liquid was made 
in each case. The use of these liquids was discussed 
previously. The noncompensable portions of the 
were deleted and the and 1.61 nz 
liquid curves are not included bevond 6 w in order to 
avoid confusion. 


curves 1.56 nz’ 


5.2. Spectrum of Potassium Bromide 


The infrared spectrum of an 0.05-in. thick pellet of 
potassium bromide is shown as a dotted line in 
figure 10. There is evidence of a slight amount of 
impurity in the potassium bromide as indicated b 
the 12- and 7.22-u bands. The absorption bands 
at 2.9 and 6.1 uw can probably be attributed to water. 
These bands could not be reduced by drying the 
potassium bromide for a longer time in an air oven. 
If the potassium bromide were not dried at all (a 
sample freshly removed from the reagent bottle, 
ground, and immediately pressed), the bands were 
not appreciably increased but the radiation was 
scattered from 2 to 6 wand the pellet was translucent 
rather than transparent. The sample to be incor- 
porated in the potassium bromide should also be dry 
or general seatter will result. 

It is believed that the 2.9- and 6.1-u bands cannot 
be attributed to potassium hydroxide because a 
pellet pressed from fine potassium bromide that was 
freeze-dried from deuterium oxide showed bands at 
3.99 and 8.33 uw, which could be completely eliminate d 
by subjecting the powder to vacuum drying at 125° 
C. However, evacuation alone would not accom- 
plish this, and as the use of high temperature when 
the sample is involved is to be avoided, this method 
did not constitute an improved drying method. 
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bands centering around 


The broad 
6.95 and S.\S wu are probably introduced during the 


performed on the potassium 


absorption 
grinding operation 
bromide. In a series of experiments, 
potassium bromide was eround in a mullite mortar, 
pressed Into a pellet, and the spectrum measured 
The pellet was then reground in the mortar, repressed, 
and the spectrum measured. The whole process was 
repeated a third time. Each spectrum 
showed it band around 9.2 p, of the Same shape and 
of increased intensity after each erinding This band, 
attributed to contamination of the 


succeeding 


therefore. cin be 
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i sample of 











potassium bromide resulting from abrasion of the J 
mortal 
: ; 
It was found that an nevate mortal introduced less | 
impurity than one of either mullite or alumina. [tis | 
possible that the agate mortar shows less tendency 
to abrade because its surface is highly polished. Th 
spectrum shown in figure 10 is that of a pellet mad 
from agate-ground potassium bromide.” 
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5.3. Spectrum of Ball-Milled Polyvinyl Chloride in 
Potassium Bromide 

The solid curve in figure 10 presents the compen- 
sated spectrum of a pellet) containing untreated 
polymer LOL of relatively large particle size (polymer 
passing the $25-mesh steve The compensation of 
the potassium bromide is particularls noticeable in 
he water regions of 2.9 and 6.1 gw. This spectrum ts 
presented here for comparison with that of polymer 
(1 subjected to 3 hours’ ball milling prior to its 


corporation in oa pellet. The latter speetrum ts 
shown in figure 10 as a dashed line which closely 
follows the solid line with the notable exception of the 
ibsorption band introduced at 5.78 gp As was 


stated. the ball milling cnused discolora- 
tion and particle configuration The 
esence of the 5.78-u band constitutes further proof 
fthe inadvisabilityv of attempting comminution of 


( viously 


( hanges In) 


polymer in any way prior to measurement when 


i spectrum of the polymer in an undegraded state 


s desired 


5.4. Spectrum of Fine Particles of Polyvinyl Chloride 
in Potassium Bromide 


\lso shown in figure 10 is the spectrum of polymer 
21, the paste resin composed ol particles lto38 win 
size (refer The curve is similar to that 
epresenting the $25-mesh particles of polymer 10] 
Some differences im the two curves are probably clue 


Lo fig » 


» the methods of preparing each polymer, ©. £., 
he small bands present at 2 Poand 5S win the spec 
im of 121. Vhe obtaining a 
spectrum of the relatively large particles so similar 
lo the spectrum of very small particles is attributed 
lo the apparent mateh in indices of refraction of the 
Olymer and potassium bromide 
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5.5. Index of Refraction Match of Polyvinyl Chloride 
and Potassium Bromide 


The apparent match of indices of refraction of 
the polymer and potassium bromide was investi- 
cated The refraction of potassium 
bromide have measured in the ultraviolet, 
visible, and/or infrared regions of the spectrum by 
several authors: Gyulai [14], Gundelach [15], Forrest 
16], and Stephens, Plyler, Rodney, and Spindler 
17]. However, the only reported measurements of 
the index of refraction of polyvinyl chloride were 
made in the visible. Schildknecht [18] reports a 
value of 1.54 for commercial unplasticized viny! 
chloride resins and Fuoss [19] reports a value of 
1.565 obtained at 40° C. The refractive index of 
polymer 101 was measured and found to be 1.548 at 
27°C. This value nearly matches the 1.56 np of po- 
tassium bromide 

Methods for determining the infrared refractive 
indices of polyvinyl chloride were sought without 
Determination by the prism method 
was not tried because it was felt that a prism of poly- 
vinyl chloride will not be sufficiently transparent to 
infrared radiant energy. Efforts were made 
calculate the index of refraction at 2 u from the infra- 
red spectrum of a thin film of the polymer. A film 
that exhibited interference fringes in the infrared 
spectrum between 2 and approximately 5 « was 
The index of refraction was calculated 
using the following equation 


indices” of 


been 


much SUCCESS 


to 


selected 


nr 2tn cos 0, 

thick- 
cosine of 
The thickness 
measuring the 


fringe number, A\—wavelength, ¢ 
index of refraction, and 
the angle of incidence, taken to be 1 
of the film, ¢, determined by 


where 7 


ness, 7 cos @ 


Wiis 





between two flat calcium fluoride windows 
ted by a spacer of the film, following the 
d deseribed by Smith and Miller [20] \ 


2 wu was calculated for the 


is admittedly 





ive index of 1.51 at 





er DY this method which sub- 


OVE 


‘ to several errors 


elimination of seatterine of the infrared 


hie 
When the polymer is pelleted with 


naiant energy 


potassium bromide indicates that the infrared 
refractive indices of polyvinyl chloride, like the 
visible indices, approximate those of potassium 


bromuc In fact, the elimination of scatter appears 
a method for estimating the infrared indices of 
the polymer. Further was 
undertaken to substantiate this method 


to be 


retraction ol 


study 


It is known that the presence of ultraviolet and 
Vis bl elect onic absorption bands in & material 
esults in a characteristic variation of refractive 

. tor way ‘lengths in the neighborhood and 
interior of the band The shape of the resultant 
dispersion Curve ts deseribed by Lorentz’s equatiol 
The large change in refractive index prod ices the 
phenomenon of Christiansen windows |21,22 llow- 
CVE! in the infrared spectral region absorption 
bands ar associated with molecular Vibrations 
Not many dispersion curves have been determined 
for covalent compounds but from those ava lable at 


is clenr that although some bands are asso¢ mted 
with large refractive index changes. man bands 
affeet dispersion slightly or not at all [22.24 Pri 
ind Tetlow [22] have suggested the same conclustor 
from their observation of Christians windows I 
frared spectra of mulled organic saniples Nore- 
over, the Lopeararn of the Christiansen filte efor 
mulied organi samples has been noted n rela 
tivelV lew case and in faet, thre re wes oO madieatlo 


of the pres ce of this effeet when poly Vinvi 
Vus mixed with anv of the Various igus mel 
tioned WU part >. Lene it might ay hope that 
thre ndiex of retraction ol polvvinv! chloride will 
slowly decreas iis longer wavelengths i] ip- 
wave 
4 4 
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few large variatior 


that 
vietnity of absorption bands will be prese: 
Figure 11 presents the refractive indices « 


proached, but 


ario 
salt crystals for the visible and infrared re¢ of th, 
spectrum There is some change in tl on | 
of these salts from the visible to 2 u but litt chane 
from 2 uw through the infrared region of inte ‘ 
Figure 12 presents the infrared spectra obtain 
by measuring pellets of three of these 3. ene 
contamimeg,e 0.028 @& of 325-mesh polymer * Com. 
pensation was made for the salt in each eas Wh 
potassium bromide was used as the suspendj) 
medium, the speetrum was far superior (ll sample 


pellets were of good quality and with compensatie ' 
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mploved to eliminate impurities of the individual 
salts, SI ra Of equal quality should have been 
sbtaines | it were not a necessity to achieve a 
nateh oO ndices of refraction between relatively 
arge S le particles and suspending medium. It 
- to be noted that although general seatter is ex- 
me lo the potassium chloride pellet, only the 
olymer band at 7 w shows a Christiansen effect 


dence that most polyvinyl chloride absorp- 


[his 1s 


ion bands do not have rapidly changing refractive 
dices. ‘The potassium bromide pellet does not 
chow a 4 ristiansen window even at 7 Lu 


5.6. Necessity of Matching Indices of Refraction of 
Medium and Sample When the Sample Particles 
Are Relatively Large 


\ sel ol pellets Wis prepared USiIhY potassium 
hioride as the imbedding salt or matrix and inecor- 
oratl ther salts (potassium bromide, potassium 
odide, and sodium chloride) with a range of refrae- 

indices in order to demonstrat the hecessity 


) matel Hie indices of refraction of a sample with 


ts imbedading medium The sumples of the salts 
be meorporated in the potassium chloride were 
ected so that the particles were relatively large 
yy me sh None of these sults absorbs in the 
to 15-u infrared region to an appreciable extent 
Thus, cach pe llet of the series is composed of two 


ransparent materials and should vield a transparent 


particles can only be measured in the infrared when 
they are imbedded in a substance of nearly match- 
ing indices of refraction; otherwise, scattering of 
the radiant energy will result and obscure the spec- 
trum 


5.7. Effect of Sample Particle Size When the Indices 
of Refraction of Sample and Medium Are Matched 


To determine the effect of particle size on the in 
frared spectrum when the indices of refraction 
sample and matrix are nearly matched, another 
series of pellets was prepared. Polyvinyl chloride 
was used as the sample and potassium bromide was 


ol 


selected as the imbedding salt as it was shown to 
afford the best match in indices of refraction with 
the polymer (see fig. 12 Figure 14 presents the 


compensated spectra of five pellets of polyvinyl 
chloride. The same weight of polymer, 0.028 g, 
was pelleted in each case. The dotted curve was 
obtained with polymer 121 and. all with 
polvmer 101. It is of interest to observe that only 
the smallest particles display evidence of scatter at 
short wavelengths. It is known that 
maximum for particle diameters about 
twice the wavelength, but for larger particles scatter 
varies from half about three-fourths of 
the maximum value [26]. The only” significant 
change in the spectrum as the particle size is de- 
the increase in intensity 


others 


scatter is 


equal to 


about to 


creased appears to be of 


vellet ull I ss the Hhiisthate tH) 1h} ther imdices ol refrac- the absorption bands 
on causes scattering Scatberinig does result in Kicure 15 shows a plot of the strong polyvinyl 
wh ease and increases with mismateh of the index | chloride band at S uw as a function of predominant 
refraction of the sample salt and that of the potas- | particle size. The experimental poimts were = ob- 
im ehloricd Phe uncompensated spectra of these tained from the data shown in figure 14, and the 
ixed-salt pellets are shown in figure 13. The | solid line is a theoretical curve [12] for this band 
spectrum of sodium chloride in potassium chloride | based on an absorption coefficient of 1,000 em~! as 
ows less scatter at the longer wavelengths where | estimated from a spectrum of polymer 101 film 
index of refraction curves for these two salts Calculations were made under the assumption of 
approaching each othe see fig 1] It Is, zero seatter and uniform particle SIZC The avgree- 
herefore, apparent that relatively large, solid | ment is satisfactory 
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l ! |! 6. Conclusion 
, The scope ol solid phiase infrared speclrocopy 
~ broadened by the elimination ot particle SIZe rests 
x4 f 7 Liols heretofore placed ani the sample This appl 
only, however, lo samples Whose indices ol 
£ fraction change only shehthy with change ith Wa 
length and can be matched to the indices of refraet 
= 4 rar 
@ “°T of the suspending medium Phe salts mentior 
a 
: eover quite a range of refractive indices when ot] 
erystals and numerous liquids that have infra 
ee — | “windows” are taken into account, this range pn 
25 5 r« . be appreciably extended 
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5.8. Spectral Measurements of Paper and Nylon) the conduct of the work, and to Harriet A. Ba 

Fibers and Nlargaret I: ‘Toompas lol preparation ol 

Because very large particles can be measured lo mgun 
obtain a credible spectrum, if should be possible to 


measure fibers ol uppres inble diam ter or othe! solid 7. References 


substances that cannot be reduced to a fine partr le 1] VE. ME. Stimso d M. J. O' Donne I} 
SIZe For example, pellets of nylon fibers and. of itraviolet absorptior pectra of 
papel fibers were prepared both using potassium net ~ 2 1 ! 1. Am. ¢ s 
bromide as the suspending medium: the choice of 2) | Sehiedt nd H Reis 0) 
matrix was indicated by their indices of refraction f amino acid we renaration te 
in the vistbl Figure 16, curve A, shows the com- 1 spectroscop f a ids and 
pensated spectrum ol pelle ted papel fibers, whieh 1 ny we o a hg st - 4. 270) ser 
had been evround ina Kerner mill The fibers are "ea * ag Oe ee send . 1 
approximately 5 to 30 win diameter with the average of at ae icids and « r polar compound bid 
diameter being about LO ws the leneth of the fibers S. 66 1953 Se ‘ | so} it . shel 
is of the order of 400 uw Curve B of this figure shows H. Hausd + Ge , for 
thie compensated spectrum ol pelleted nvion fibers. 7. 75 (1983 : i \opl os 
approximately 30 @ in diameter and microtomed in s) J. M. Hunt, M. P. Wisherd, and L. C. Bonham, | 
approximately 30-4 lengths ibsorp spectra of minerals a 1 other 

The spectra ol these two pelleted fibers are charac- se ! — ( | 22 tein spine 
teristic of spectra of their polymers and are identifi oluble ‘ Rgttnemnes 4st “gag ‘{ a ae 
able as such Chemists 34, 748 (1951 
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Radiation From a Vertical Antenna Over a Curved 
Stratified Ground 


James R. Wait 


1. Introduction 


In earlier paper by the author [1 eX Pressionls 
ere a ved for the fields of a vertical elect: ce dipol 
a plane stratified ground. Ina further paper [2 

. tion Was eXtended to arbitrary. antenna 
eights and numerical values of the attenuation 
ctor Were given In the latter paper it Was men 
oned et the effeet of the earth’s curvature could 
he accounted for lt Is the purpose ol this papel lo 


develop the theory lo! propagation over a curved 


earth W th coneentric stratifieations 


The method solution 
Watsons to obtain 
electric dipole radiating over 
lt 


até ps 


| 
(>) 


the 
il homogeneous sphere 
to outline the 
he derivation im detail, A particular novel 
of the formulation however, that the 
boundary conditions at the surface of the sphere are 


ol direct eXtension 


method 


is 


) solution for 


| 


therefore does not seem necessary 


inn ft 


i¢* 
reatvure 


Is 


specified by a surface impedance. The final expres 
sions for the fields are then also applicable lo propa 
ration ovel other modified surtaces, such as a sphere 
wit imuthal periodic corrugations Using 

recently by HH. Bremmer,? an 
eXPression lal the field Is then obtained that Is Very 
suitable computation when the heal 


Finally, some numerical results 


suggested 


metl od 


lol recelvel 


Is 


the opt al horizon 


are presented for various frequencies employing 
typical values of the ground constants over both a 
omogeneous and stratified earth 


2. Formal Solution 


The source of the field Is considered lo be an clee- 
tre current element /ds oriented in the radial diree- 
tion to the spherical earth of radius a, 
spherical coordinate system 


( hoosing il 


; 


OD), the surface of the 


earth is then defined by (ly, wna the dipole or 
current element is located at r—b and @—0 The 
fields can now be expressed in terms of a Hertz 
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lhe I; it ed py ler w itn 
‘ " The ! j fel 
it te ert Vii rr ue 0 the 
n rT ‘ ko iw Nl “1 I 
\ ed > PI el ve exXpa rT 
‘ | \ er! ol cw ¢ yi lot orre 
el 1) ractil i irl 
vector, which has only a radial component l ! 
follows 
\ 
O 
I: / rl 
ay 
| oO 
> lor (ly, 
r Oroeé 
ol 
I] €W 
OH J 
Where A= 2m free-space wavelength, and e¢ is’ the 
dielectric constant of free space, S.S54 10 
in mks units. A time factor exp(iet) has been 
implied. The function CL satisfies the equation 
6(7 h 6(@) 
V h-)l ( , ») 
2rr- sin @ 


where the 6's are the Dirac delta or impulse function, 
The factor 2 sin @ is the Jacobian of the trans- 
formation from rectangular to spherical coordinates. 


= 
Wl 


The constant is chosen so that ( has the proper 
singularity at the dipole, that ts 
( , lds for R--0, % | 
riwell 
where 7 ’ h br cos Ol, 6 —_S8.854 107', and 


i we) Lids 

Is now written as the sum of two parts 
U’.. where U, has the proper dipole singularity 

I and UU. is finite at that point. As U, 

is a solution of the homogeneous wave equation, it 

can be written in the form 


therefore ¢ 
The field l 
l 


at (), 


h (he P (COs @), 
where A 


second 


kr) is the spherical Hankel function of the 
kind, which assures outgoing waves at 
infinitv, and P, 6 the Legendre function. 
The corresponding representation for U, is [4] 


Is 


COS 








> Z) DAP Ceryh kbh)P, (eos 0) for 1 h 
7 
bC <2. 
» & 2) | h hy h kh | Cos Uv for j h 


now found from the boundary 


The 


condition 


coetherents o1 ure 
that 


rewritten 


} oO Ziel | , ; 
r Oo 


words. it is of th 
ln pedanes 


whi ly ut bye 


In other ussumed that the surfaces 
earth exhibits the property of surface 
/ is taken to be equal to the ratio of the tangential 
electric and magnetic fields for a vertically polarized 
plane wave at grazing incidence on a plane stratified 
This step in the 
sim pliteation 
lt then re 


unalysis leads to a great 
and it as pustified in thi 
follows that 


earth 
appre natin 


rdily 


/ ha ] d A 


rida 
where A ew J 120Rr7 and where / j 5 thee 
spherical Hankel function of the first) kind The 
total field is then of the form 
/ S 7 | fi 7 [? co "7 ') 


kollowineg thre Watso ) thy 


pro Mss «deve loped hy 


Ummation is transformed into the following contour 
mtevral 
nad ] 
/ / f{(n— )P cos YT 4 10 
« Cos wT 2 
where thre eonbtoul ( ( i close thie Dostit \ 4 ! | 


iuAls iis 


ilhustrated in nmerure thre 
poles ol thre integrand hire lo ated iit 7 4 , » 2 


ole it can be readily verilied by the theorem of 


residues that this wu tevral Is equivalent lo eq % 
Now, since f(mn— 1/2) isaneven function of #, the part 
of the contour ¢, above the real axis can be re placed 
by the contour « which located jist below the 
negative real axis. The contour Cf, 1s how entirely 


straight line running along just 
Replacing 7 1/2 by »v, the 


tal es the 


equivalent to L i 
below the real axis 
represt ntation for 


contour lorm 


| ) 


Ji Slll vw 


It is to be noted that this manipulation of the cor 


tours Js simplified because hin 1/2 ims an even 





function of nm us a consequence ol thie 


formulation In the usual treatment for the homo 
COCTCOUS sphere Ae 1/2) is not an even Tunetio 
of nm, and the deformation of the contour becomes 
nore intricate 


The next 


bradinaste 


lo clo ( i 1) 
half panna 


stepou the analysis V al 
The 


semucirele in the hevwulive 


contribution from thus portior cl thy eontour Val ishes 


us the radi of the semueirel approaches Pridanyity 
The reasoning for this facet follows direeth from 
\\ ntsons urcuimecnil lol thie homoveneou phery 


The value of the rral for ( alone the 
now equal to thi un of the re 


brite 
Kiues of the inte 
crand evaluated at the 
lower half-plan It ther 
al to 


pole r ol fly located ity the 


follow thraat / 


Propor 


hhyh hy 
Po. | 
/ hea 
d} 


Where the funetion Wy) is defined by 


1 2h 
S 


anid thie Poles i 
as a result of thi 
the determination of the i 

Making the usual upproXimatiol that / Cul 


te represented 1) 


form ilat a! the equautiol here 10 


roots > rel 


13) can be re pineced 1) 


1757) (01/3)(—2r 
11 5?{01./3)(—27 ° 


Tike thod Ql 


contour L 


For i 





Hankel funetio ol ordet », 


f 
dl 


The 


lio 


TTLes 


\" or 
, a 
Mh 








Fol i I) iwvgeneous carth whose propagation con 
tant IS it follows that 
+ v7! 
Z 1207 - | : . 16) 
ne Y 
th % and therefore 
/ / 17 
0 ° r 
hua ) y 1] 
shich is identical to the value given by Bremmer [4 
Kor a two-laver ground whose upper stratum of 
hickne / has propagation constant yy the surface 
mpedaries fis given by (see appendix 
Z 1200 [ "] W) Is 
here 
(tanh |? 1 / iD 
) I ) Y 7 
/ tar ( ; ) 2) 
y 
th ! tha Propagation ecotstantl ofl the lowe! 
lecruiin Phe correction factor f/ Which approaches 
y for f can be evahiated with the aid of 
harts ol hyperbole funetions of complex urvuineni 
The expression for OU for a stratified ground for any 
umber of lavers has beet rived previously alone 
th some numerical values for special cases [5 
Kquatiol 1°? fol | enui tThow be considerably 
mpliiied by replacing the Legendre funetion by 
sleading term in its asvinptotie expansion and the 
Clio / Lh nid / i by threow Hlankel 
PrONTIAa blots to lead lw 
/ Ht or rari \ > > h\ fh : 7 


\ Ley ed | (] lol | Z 


The preceding equathons mre identical in form to 
hat obtammed for the homogeneous earth as given 


Watson [3], Bremmer [4 Friedman [6], and 
Others. [tis important to note that the quantities 
and the roots rv, are dependent on the electric 


Nstants and the nature of the stratification of the 
th. Bremmer {4} has given very adequate for- 
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mulas for 7, in terms of powers of 6. These can be 
used directly for the stratified earth They can also 
be used for a sphere with a corrugated surface if the 
appropriate) value of the surface impedance is 
emploved \¢ 


3. Modified Flat Earth Formula 


The so-called residue series for could be used for 
calculations for propagation over a curved earth 
The SeCTIOS, howevel COnVErLes poorly for distances 
near the optical horizon. It would be desirable to 
transform the residue series formula to a new type 
of expansion where the first’ term corresponds to 
the radiation of a dipole over a plane stratified 
earth. Sueceeding terms would then be preferably 
it proportion to inverse powers of ka, In the 
limiting case when ka, tends to miinityv, the expres 
sion €° should correspond to the situation treated 


previously A method of obtaiming expansion for 
mula of this type is mentioned briefly by Bremmer in 
his book |4 Very recently he has deseribed to the 


author an alternative procedure, which he illustrated 
for the case when the transmitter and receiver are 
located on the surface of a homogeneous spherical 


earth His method will be emploved here in the 
case When the transmitter and receiver are not both 
on the earth Furthermore, as will be shown, the 


method also ts applicable to stratified and corrugated 
surfaces. The first step is to express the field in 
terms of a contour integral as follows 


l‘(p | ( Tt fip.h (ph ( dp 
| ( p A(p 


where p—/.N)26 and where [A(p) and f(p,h) are 


( hosen iis follow . 


Hg,( =, ) 


ithe 


ay po H{?3[4(.X2+-p/s*)*"| |. 
ip h - ’ 2D) 
p 0 IT | 3\pP 0° 


lor |, 2; and ¢ is some positive constant 
It can be noted that the poles p, of the integrand 
are determined by the solution of 


IH: k | peu eas | 0 26) 


If p. is replaced by 267.¢°'" this equation is identical 
to eq (14 for the determination of the roots 7 lt 
can be readily verified that the sum of the residues 
evaluated at the poles p, leads back to eq (21) 
Recognizing that the right-hand side of eq (23) ts 
in the form of an inverse Laplace Transform, it can 





1! Heaviside’s operational notation [Ss 


rn / id 
h . 1 pl p / Mp OR 
] p A p = 
7 (| fol () 
| {) fol {} 


Ih technique Is TOW to expand I PP) hath asvinp 
totic expansion in powers of Lp and then to invert 
each term to obtain series expansion for p in 
ol 6 It is convenient for the moment to consider 
}, 0 so that [(p h | Kach of the Hankel fune- 


tions Is now expanded in an asymptotic expansion 
ard by ne paid to the phisse olarcuments 


powers 


with due reg 


Note that 


Which s ivvests replace ny the arguments 1 \ f 
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step in the analysis is to find the cor- 


responding functions of p for each term on the right- 


hand side of the above The necessary 


operational pairs can be derived from the 
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For the homogeneous earth, — the factor A 


+ v7/4 | and afoa the radius tends to 


infinity on 0, the remaining first term corresponds 
to the well-known formula for the attenuation factor 
of a dipole over a flat earth [10 p is then the 
imerical distance of Sommerfeld [11 It is inter- 
that the form of the first term ts 
dentical to the result’) obtained by Hufford 12], 
iIntegral-equation formulation When the 
that A=ewZ hk, where Z 
the first term corresponds 


esting to note 
Isine ati 
evround is stratified such 
s the surface impedances 
to the result obtained previously for the dipole over 
the plane stratified earth [1, 2 

lt now appears that, for small heights such that 
kh} 208 is small compared to one, the height) gain 
is simply 1+ 7a 
of at least the first three terms in the eXpansion in 
To this approximation the final result 
Is expressed conveniently as 
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which is a common factor 


At distances from the v than a few 
wavelengths the quantity ((p) is proportional to 
the vertical component of the electric field, 
respondingls 21 Is proportional to the field of an 

perfectly 
in millivolts per meter 
is then given by 


vgntenha greatel 


and COl 
identical source over oa flat conducting 
earth The field strength & 
ata distance /) in kilometers 


HOO 


) ip 1] 


for a dipole transmitter whose strength is such that 


it would radiate | kw over a perfectly conducting 


flat gvround 


To illustrate the nature of the results, calculations 
are carried out for /¢ as a funetion of 1) 
earth of radius 6,373) km 
and 750 Me These curves 
where it is indieated that 
of the ground is 4 
mho m The flat 


Over a 
homogeneous spherical 
ul Prequencies of 30. 150 
are illustrated in figure 2, 
the relative dielectric constant 
and the conductivity is) 10 

earth formula Gi. e., 6-0) ts designated as the 
zero order or Oth approximation. The results for 
including the first and second eurvature correctLons 
are designated as first- and second-order approxima 
tion, respectively. Finally, the field strengths ob 
tained from the residue series are shown for compari 
son and designated by ‘Res.’ In this latter 
terms of the series were required, and it is 
reassuring to that curvature corrected flat 
earth formulas nerve W ith the residue SECTIOS formula 
The results of these caleulations would lend contfi- 
dence to the use of ¢ q (40) for stratified media if the 
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check on the curvature corrected 
conjunction with the height-gain 
carried out for various 
A, with the transmitter height 4 
These results are shown in figure 3 for 
of 43 Me, relative dielectric constant of 4 
ductivity of LO and / G5, 10, 20, 50, and 100 m 
The solid correspond to the 
curvature corrected flat-earth formula 
dashed curves are based on the cumbersome 
exact residue series } As a matter olf 
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a term proportional to 6° would improve the dis- 
crepaney at greater ranges. It is doubtful, how- 
ever, if calculations of higher order correction terms 


ure justiiied because the ret sidue Series bye eCemes more 


eonvenient at larger ranges 


The computations for stratified ground are some 
more involved, and furthermore even for a 
two-laver ground, additional parameters to be con- 
sidered are and cdielectris 
of lower stratum, and thickness / of upper stratum 
As an example, the lower medium ts taken to be 25 
times better conducting than the upper stratum 
For convenience, the dielectric constants are also 
the same ratio The second-order 
curvature corrected results for a frequency of 5 Me 
corresponds 
and 


what 
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4. Concluding Remarks 


It is apparent that the theory of Watson [3], 
Bremm 1], and others, for propagation of radio 
waves over a spherical homogeneous earth can be 


propagation over a concentrically 

The derivation in this paper ts 
verv sl ughtforward us a result of 
approx! rate boundary condition, which 
the suriace impedance Tn the surface of the sphere 


eneral d Lo 
stratified sphere 
choosing ith 


Speciiles 


(though the theory was developed for a homo- 
reneou atmosphere, there is little reason to doubt 
that a similar analysis can be carried out for an 


shomogeneous atmosphere following the develop- 
Kredman [6 Kor the normal 
efraction (absence of ducting), the results in’ the 
paper can be emploved directly by admitting 
where a 


ment ol cuse of 
present 
the concept of the effective earth radius [4], 
S replaced by il modified value a 

While the attention here has been mainly confined 
to propagation of radio waves over a stratified sphere, 
the results are applicable to the study of surface 
corrugated spherical surfaces of the type 
a surface impedance 


waves Ol 


that can be characterized by 


5. Appendix 1. Surface Impedance of a 
Stratified Conducting Sphere 
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The medium between the limits ra, and a can now 
regarded as a nonuniform transmission line [13 


of length / a a The characteristic impedance 
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dicates a differentiation with respect to the argu 
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follows that 
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Under the restriction that the thiekness of the shell 
{--ay—a,) is small compared to a, the above for 
mulas can be creatly simplified kor example, 
noting that J, (Cr) satisfies the equation 
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With similar reasoning it follows that 
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It is to be noted that 7” is precisel\ the ratio 7 ol 

the tangential electric and magnetic fields for a 
vertically polarized wave at grazing incidence on 

two-laver stratified ground |5 It, therefore, seems 


justified to employ the approximate boundary eq (4 
at least for appli ation to propagation of radio waves 
over the surface of a stratified ground with the normal 


earth curvature 


6. Appendix 2. Alternative Approach to 
the Height-Gain Function 


It is possible to study the effect of raising the re 
andor the transmitter by starting with a 
representation for the height-gain 


CelvVvel 
more accurate 


funetion 
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